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The present thesis has the form of a compendium of three published articles. 

Study 1: Copy number alteration burden differentially impacts immune profiles and 

molecular features of hepatocellular carcinoma. 

Laia Bassaganyas*, Roser Pinyol*, Roger Esteban-Fabró*, Laura Torrens, Sara Torrecilla, 

Catherine E. Willoughby, Sebastià Franch-Expósito, Maria Vila-Casadesús, Itziar Salaverria, 

Robert Montal, Vincenzo Mazzaferro, Jordi Camps, Daniela Sia, and Josep M Llovet. Copy 

number alteration burden differentially impacts immune profiles and molecular features of 

hepatocellular carcinoma. Clinical Cancer Research 2020; 26: 6350-6361. 

*Shared first authorship. 

Impact factor: 13.801, 1st quartile. Subject Areas: Cancer Research. (Source: JCR). 

Aim: 

1. To determine the biological and clinical impact of chromosomal instability in 

hepatocellular carcinoma and to reveal its association with antitumor immunity. 

 

Study 2: Cabozantinib Enhances Anti-PD1 Activity and Elicits a Neutrophil-Based Immune 

Response in Hepatocellular Carcinoma. 

Roger Esteban-Fabró*, Catherine E. Willoughby*, Marta Piqué-Gili, Carla Montironi, Jordi 

Abril-Fornaguera, Judit Peix, Laura Torrens, Agavni Mesropian, Ugne Balaseviciute, Francesc 

Miró-Mur, Vincenzo Mazzaferro, Roser Pinyol, Josep M. Llovet. Cabozantinib Enhances Anti-

PD1 Activity and Elicits a Neutrophil-Based Immune Response in Hepatocellular Carcinoma. 

Clinical Cancer Research 2022; 28:2449-2460. 

*Shared first authorship. 

Impact factor: 13.801, 1st quartile. Subject Areas: Cancer Research. (Source: JCR). 

Aim:  

2.1. To explore the antitumoral and immunomodulatory effects of cabozantinib alone 

and in combination with anti-PD1.  
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immunotherapy. Gut 2022;71(10):2093-2106. 

Impact factor: 31.84, 1st quartile. Subject Areas: Gastroenterology and Hepatology. (Source: 

JCR). 

Aim:  

2.2. To evaluate the capacity of a CXCR2 inhibitor to re-sensitize NASH-HCC to anti-PD1 

therapy. 
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Títol 

Caracterització de les alteracions estructurals genòmiques en carcinoma hepatocel·lular i 

estudi de noves teràpies. 

 

Introducció 

El càncer de fetge és el sisè tipus de càncer més diagnosticat al món i la tercera causa de 

mortalitat associada a càncer 1. Un 90% dels casos corresponen al carcinoma hepatocel·lular, 

(CHC), que normalment es desenvolupa en el context d’una cirrosi hepàtica2. De tots els 

pacients de CHC, un 50-60% estan exposats a teràpies sistèmiques al llarg de la seva vida; 

recentment, la combinació de la immunoteràpia atezolizumab (anticòs monoclonal contra 

PD-L1, que permet desencadenar una resposta immunitària antitumoral) amb bevacizumab 

(anticòs monoclonal contra VEGFA, un factor de creixement responsable de l’angiogènesi o 

formació de nous vasos sanguinis) s’ha convertit en el tractament estàndard en primera línia 

en CHC avançat. Tot i així, només un 30% dels pacients responen a aquest tractament, essent 

la mitjana de supervivència dels pacients inferior als dos anys3. Per tant, és necessari descobrir 

biomarcadors de resposta o resistència per identificar els pacients que es beneficiaran de les 

teràpies disponibles i aprofundir en el coneixement sobre els mecanismes de la immunitat 

antitumoral per millorar les alternatives terapèutiques. De fet, els tumors desenvolupen 

mecanismes per evadir la resposta immunitària, entre d’altres acumulen alteracions 

genòmiques que els emmascaren i eviten la resposta immunitària. L’aneuploïdia és una 

alteració genòmica derivada de la inestabilitat dels cromosomes que suposa l’acumulació 

d’alteracions en el nombre de còpies (CNAs), i aquestes poden ser àmplies o focals. En certs 

tipus de càncer l’acumulació de CNAs àmplies s’associa a resistència a immunoteràpia, però 

el seu impacte biològic en CHC no s’ha descrit detalladament4,5. 

Per altra banda, l’elevada taxa de resistència primària a atezolizumab-bevacizumab (70%) 

emfatitza la necessitat de desenvolupar noves estratègies terapèutiques2. Atès que les 

immunoteràpies mostren millors resultats en tumors amb un context pro-inflamatori6 i que 

les molècules pro-angiogèniques són immunosupressores, l’activitat antitumoral de la 

immunoteràpia podria ser estimulada promovent la infiltració o reactivació de les cèl·lules del 
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sistema immunitari usant teràpies de combinació amb agents antiangiogènics7. En aquest 

context, l’inhibidor de receptors tirosina quinases cabozantinib és un candidat prometedor. 

A occident, els increments en la incidència d’obesitat i síndrome metabòlica s’associen a un 

augment dels casos de CHC atribuïbles a la esteatohepatitis no alcohòlica (EHNA), una 

malaltia hepàtica crònica deguda a la inflamació secundària al dipòsit de lípids al fetge2,8. 

Recentment, els tumors de EHNA-CHC s’han descrit com a menys sensibles a la 

immunoteràpia a causa de l’expansió d’un subgrup de limfòcits infiltrants en el microambient 

amb un perfil disfuncional9. D’altra banda, els neutròfils són un altre tipus de cèl·lula 

immunitària que presenta un comportament plàstic i pot ésser pro- o anti-tumorigènic10. Per 

tant, la modulació del seu funcionament podria ser un mecanisme per rescatar la resistència 

a la immunoteràpia associada a EHNA-CHC.  

 

Hipòtesi 

La hipòtesi d’aquesta tesi és que la identificació de trets moleculars/alteracions estructurals 

associats a la immunitat antitumoral en el carcinoma hepatocel·lular i l’avaluació de noves 

teràpies de combinació amb immunoteràpies permetran identificar biomarcadors candidats 

de resposta o resistència a la immunoteràpia i opcions terapèutiques més efectives per 

estimular la resposta immunitària antitumoral. 

 

Objectius 

Els objectius específics d’aquesta tesi doctoral són: 

1. Determinar l’impacte biològic i clínic de la inestabilitat cromosòmica en carcinoma 

hepatocel·lular i identificar la seva associació amb la immunitat antitumoral. 
 

2. Avaluar l’impacte de teràpies moleculars combinades amb immunoteràpia en models 

preclínics de carcinoma hepatocel·lular. Específicament: 

2.1. Explorar els efectes anti-tumorals i immunomoduladors de cabozantinib en 

monoteràpia i en combinació amb anti-PD1. 

2.2. Avaluar la capacitat d’un inhibidor de CXCR2 per re-sensibilitzar el CHC associat a 

esteatohepatitis no alcohòlica (EHNA) a la teràpia amb anti-PD1.  
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Mètodes 

Estudi #1 (Bassaganyas et al., Clin Cancer Res 2020): Es van analitzar les dades de SNParray 

de 452 parelles de mostres de teixit tumoral i adjacent de CHC i 25 nòduls displàstics. Per 

quantificar les càrregues genòmiques en alteracions en el nombre de còpies (CNAs) àmplies i 

focals es va fer servir l’eina web CNApp11, que permet extreure broad i focal scores (BS i FS), 

respectivament. A continuació, aquestes dades es van integrar amb els perfils 

transcriptòmics, mutacionals i de metilació de les mostres, amb la seva composició immune i 

amb dades clinicopatològiques.  

Estudi #2 (Esteban-Fabró et al., Clin Cancer Res 2022): Es van utilitzar dos models murins 

singènics de CHC basats en la injecció subcutània de les línies cel·lulars Hepa1-6 i Hep53.4 

(n=80 i 40, respectivament). Els animals es van aleatoritzar als 4 grups experimentals 

cabozantinib, anti-PD1, la combinació o placeb. Es van avaluar els trets moleculars i la 

composició immunològica de les mostres tumorals dels models amb citometria de flux, 

immunohistoquímica i anàlisi transcriptòmic. Alhora, s’extragué sang que s’avaluà mitjançant 

citometria de flux i un panell de citoquines. Els efectes observats amb cabozantinib es 

validaren amb dades transcriptòmiques d’un model de xenograft derivat de tumors 

colorectals. Finalment, les dades transcriptòmiques de tres cohorts de pacients de CHC 

(cohort 1: n=167, cohort 2: n=57, The Cancer Genome Atlas: n=319) permeteren agrupar els 

pacients segons perfils d’expressió similars als dels animals tractats amb la combinació anti-

PD1 i cabozantinib, i se n’avaluà el valor predictiu.  

Estudi #3 (Leslie et al., Gut 2022): Es va caracteritzar la infiltració de neutròfils en CHC humà 

i en tres models de EHNA-CHC: model ortotòpic sobre fetge EHNA, model DEN-ALIOS i model 

deficient en colina i amb dieta rica en greixos. En els dos primers models es va administrar 

anti-PD1, un inhibidor de CXCR2 (AZD5069), la combinació o vehicle. Els efectes moleculars 

de les teràpies sobre el microambient tumoral van ser avaluats amb citometria de masses 

associada a imatge, seqüenciació d’ARN i citometria de flux. A més, aprofundint en el 

mecanisme d’acció de les teràpies, es va avaluar el següent in vivo: (1) administració d’anti-

CD8a per reduir les cèl·lules T CD8+, (2) ús de ratolins iCCR (knockout de CCR1, 2, 3 i 5) per 

impedir el reclutament de cèl·lules dendrítiques (CDs), (3) tractament amb anti-XCL1 per 

bloquejar la interacció entre CDs i cèl·lules T CD8+, i (4) transfusió de neutròfils immadurs per 

avaluar la seva capacitat antitumoral.  
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Resultats 

Estudi #1 (Bassaganyas et al., Clin Cancer Res 2020): 

1. Explorant les dades de 26 tipus de càncers diferents disponibles públicament (The Cancer 

Genome Atlas), les distribucions d’alteracions genòmiques estructurals (BS i FS) en CHC 

presentaren valors intermedis. El CHC és un dels 14 tipus tumorals de la cohort de TCGA 

on el Broad Score (BS) correlacionà negativament amb la quantitat d’infiltrat immunitari. 

2. Els CHCs amb baixa càrrega de CNAs àmplies (baix BS) eren més diploides i enriquits en 

la classe immune del CHC, específicament la subclasse immune activa, caracteritzada per 

una major activació de la resposta immunitària adaptativa contra el tumor. Per tant, 

presentaren més senyalització antitumoral, infiltrat immune i activitat citolítica, i eren 

transcriptòmicament similars a mostres d’altres tipus tumorals que responen a anti-PD1.  

3. Els CHCs amb alta càrrega de CNAs àmplies (alt BS) eren més poliploides i estaven 

enriquits en processos de proliferació i de reparació de l’ADN, mentre que presentaren 

una baixa infiltració immunitària. 

4. Alts nivells de CNAs focals (alt FS) s’associaren a trets clàssics de proliferació, mutacions 

en TP53, signatures moleculars de mal pronòstic i trets histopatològics de tumors 

agressius com una pobra diferenciació i invasió vascular. Els valors de FS no s’associaren 

a cap tret immunitari. 

5. Els nòduls displàstics i CHCs molt inicials que presentaven alguna CNA àmplia també 

s’associaren a una manca de perfils d’activitat immune antitumoral.  

6. S’observaren diversos mecanismes que podrien justificar l’associació entre l’acumulació 

de CNAs àmplies i una falta d’enriquiment en trets moleculars d’immunitat antitumoral:  

a. Els tumors amb BS baixos presentaren una major proporció de neoantígens 

observats respecte els estimats segons la seva càrrega mutacional. 

b. Els CHCs amb BS alts presentaren delecions que afecten gens de la maquinària de 

presentació antigènica (com HLA-DQB1). 

c. Els valors alts de BS s’associaren amb una hipometilació general, fet que podria 

indicar una influència epigenètica en els perfils immunitaris del CHC. 

d. L’acumulació de delecions àmplies s’associà amb un menor infiltrat immunitari en 

major mesura que els guanys.   
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Estudi #2 (Esteban-Fabró et al., Clin Cancer Res 2022): 

1. La combinació de cabozantinib i anti-PD1 resultà en una reducció significativa del temps 

fins a resposta objectiva versus la resta de tractaments, induint alhora una major inhibició 

del creixement tumoral i una major taxa de resposta. Tant cabozantinib com la 

combinació causaren una reducció significativa en el volum de tumor viable i un augment 

en la taxa de necrosi tumoral.  

2. Els efectes antiangiogènics de cabozantinib i de la combinació es confirmaren amb una 

reducció observada en la tinció de CD31, amb l’absència de vasos encapsulant clústers 

tumorals, amb una reducció en signatures transcriptòmiques d’angiogènesi i amb un 

enriquiment en firmes d’hipòxia. La combinació també s’associà amb la major reducció 

en signatures de proliferació i reparació de l’ADN. 

3. L’avaluació de les poblacions infiltrants al tumor (citometria de flux, immunohistoquímica 

i anàlisi transcriptòmica) revelà que cabozantinib i la combinació induïren un reclutament 

significatiu de neutròfils. L’activitat dels neutròfils va ser el procés més significativament 

associat amb els 100 gens sobre-expressats únicament per la combinació. 

4. Addicionalment, la totalitat dels tumors tractats amb anti-PD1 i la combinació 

recapitularen la classe immune del CHC. La combinació s’associà significativament amb 

l’enriquiment en signatures d’expressió d’inflamació, immunitat innata i adaptativa i la 

reducció de vies de senyalització de TGF-b i b-catenina. Tant cabozantinib com la 

combinació causaren una reducció en la infiltració de limfòcits T CD8+ PD1+ i de cèl·lules 

T reguladores.  

5. A nivell sistèmic, cabozantinib i la combinació augmentaren les proporcions de cèl·lules 

T i T CD8+ circulants, i reduïren el rati de neutròfils/limfòcits a la sang. La combinació 

causà un augment específic de les proporcions de cèl·lules T i T CD8+ memòria/efectores, 

i dels nivells de les quimiocines CCL27 i IL-16.  

6. Analitzant les dades transcriptòmiques de mostres de CHC humà, es definiren tres grups 

(Neutrophil Enriched, Neutrophil Depleted i Tumor-only Neutrophil Depleted) en funció 

de l’enriquiment en una signatura de neutròfils actius que s’associà al tractament amb la 

combinació en els models murins. En destacà el grup enriquit en neutròfils (Neutrophil 

Enriched, 25% de CHCs), amb alts nivells de la signatura en teixit adjacent i tumoral, que 
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presentà una manca d’exclusió immune, una manca de trets proliferatius i de cèl·lules 

desdiferenciades, i s’associà amb una millor prognosi.  

 

Estudi #3 (Leslie et al., Gut 2022): 

1. Es va detectar l’expressió de CXCR2 entre neutròfils infiltrats en fetge EHNA humà i en 

tumors de pacients i de models murins d’EHNA-CHC. En models murins, els neutròfils 

associats a tumor presentaren enriquiment en gens inflamatoris i pro-tumorals.  

2. Utilitzant models murins de NASH-CHC resistents a la immunoteràpia amb anti-PD1,  

aquesta resistència es va superar mitjançant el co-tractament amb l’inhibidor de CXCR2 

AZD5069, que va ser capaç de perllongar significativament la supervivència, reduir la 

càrrega tumoral i impedir la proliferació cel·lular dels tumors.  

3. L’avaluació de l’infiltrat immunitari revelà que la combinació de l’inhibidor de CXCR2 amb 

anti-PD1 augmentà la infiltració de cèl·lules T CD8+ i la quantitat de clústers de cèl·lules T 

granzim B-positives. Aquestes agrupacions també es trobaven enriquides en cèl·lules 

dendrítiques convencionals (CDc) XCR1+ i neutròfils immadurs proliferatius.  

4. La combinació, que augmentà el nombre de neutròfils infiltrants, induí alhora una re-

programació dels neutròfils cap a un perfil anti-tumoral: els neutròfils infiltrants en 

tumors de ratolins tractats amb la combinació es trobaren enriquits en processos de cicle 

cel·lular, fagocitosi, presentació d’antígens i desgranulació.  

5. El tractament basat en la transfusió de neutròfils inflamatoris immadurs en combinació 

amb anti-PD1 va tenir un efecte anti-tumoral similar a la combinació amb l’inhibidor de 

CXCR2, i alhora augmentà les cèl·lules T CD8+ i les cèl·lules dendrítiques convencionals 

infiltrants. En paral·lel, la reducció de les cèl·lules T CD8+, CDc i el bloqueig de les 

interaccions entre CDc i cèl·lules T CD8+ causà una reducció de l’activitat anti-tumoral de 

la combinació. Per tant, els resultats indicaren que aquestes cèl·lules són necessàries per 

al benefici terapèutic de la combinació. 
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Conclusions 

• Existeix una associació significativa entre les càrregues genòmiques de CNAs amplis o 

focals i diversos trets moleculars del CHC. Els CHCs amb altes càrregues de CNAs amplis 

exhibeixen trets d’exclusió immune, mentre que baixes càrregues de CNAs amplis 

s’associen a perfils d’activació de la immunitat antitumoral. Aquestes dades suggereixen 

que la inestabilitat cromosòmica és un tret diferencial del càncer que impacta sobre la 

immunogenicitat dels tumors, fet que podria influenciar la capacitat de resposta dels 

pacients a la immunoteràpia. 

 

• La combinació de cabozantinib amb anti-PD1 presenta una major eficàcia que les 

monoteràpies i  promou la immunitat anti-tumoral a través de l’estimulació d’una 

resposta innata guiada per la infiltració de neutròfils en combinació amb una resposta 

immune adaptativa. Els CHCs humans que presenten trets moleculars semblants als 

observats en models experimentals que responen a la combinació cabozantinib + anti-

PD1, com ara l’activació de neutròfils, podrien presentar una resposta favorable a 

aquesta estratègia terapèutica. 

 
• Els neutròfils associats a tumor es poden manipular selectivament a través de la inhibició 

de CXCR2 per tal d'adoptar un perfil anti-tumoral. La combinació d’un inhibidor de CXCR2 

amb la immunoteràpia anti-PD1 augmenta l’eficàcia d’anti-PD1 en models preclínics de 

NASH-CHC i és un candidat prometedor per ser avaluat en assaigs clínics. 
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Title 

Structural Genomic Alterations in Hepatocellular Carcinoma and Novel Combination 

Therapies 

 

Introduction 

Primary liver cancer is the sixth most diagnosed cancer and the second leading cause of 

cancer-related death worldwide1. Around 90% of cases correspond to hepatocellular 

carcinoma (HCC), which normally arises in the setting of a chronic liver disease2. Of all HCC 

patients, 50-60% will be ultimately exposed to systemic therapies, where the combination of 

atezolizumab and bevacizumab has become the standard of care in first line. However, only 

around 30% of patients respond to this therapy3. Therefore, there is a need for biomarkers of 

response/resistance and more knowledge on the mechanisms behind antitumor immunity. In 

line with this, aneuploidy – the presence of copy-number alterations (CNAs) in chromosome 

segments due to chromosomal instability- has been linked to immune evasion in some cancer 

types. In HCC, the biological implications of aneuploidy profiles have not been thoroughly 

described 4,5. 

The elevated rates of primary resistance to atezolizumab-bevacizumab (70%) highlight the 

need to develop novel therapeutic strategies2. Given that immunotherapeutic agents show 

better results among tumors with an inflammatory microenvironment6 and that 

proangiogenic molecules are immunosuppressive, the antitumor activity of immunotherapy 

could be enhanced by promoting the infiltration or reactivation of immune cells in 

combinatorial strategies with antiangiogenic agents7. In this context, the tyrosine kinase 

inhibitor (TKI) cabozantinib is a promising candidate for combination with ICIs. 

In Western countries, an increasing prevalence of obesity and metabolic syndrome is leading 

to a higher fraction of HCCs attributed to non-alcoholic steatohepatitis (NASH)2,8. Recently, 

NASH-HCC has been reported as less responsive to immunotherapy due to an expansion of a 

subset of exhausted infiltrating CD8+ T cells9. Considering the growing evidence for pro- and 

anti-tumor functions of neutrophils in cancer and HCC10, neutrophil phenotype modulation 

could be a mechanism to overcome NASH-HCC immunotherapy resistance. 
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Hypothesis 

The identification of molecular features/structural genomic alterations linked to antitumor 

immunity in HCC and the assessment of novel combinatorial strategies with immunotherapies 

will reveal candidate biomarkers of response or resistance to immunotherapeutic agents and 

more effective therapeutic options to enhance the antitumor immune response. 

 

Aims 

The specific objectives of the doctoral thesis are: 

1. To determine the biological and clinical impact of chromosomal instability in 

hepatocellular carcinoma and to reveal its association with antitumor immunity. 

2. To evaluate the impact of molecular therapies combined with ICIs in preclinical models of 

HCC. Specifically: 

2.1. To explore the antitumoral and immunomodulatory effects of cabozantinib alone 

and in combination with anti-PD1. 

2.2. To evaluate the capacity of a CXCR2 inhibitor to re-sensitize NASH-HCC to anti-PD1 

therapy. 

 

Methods 

Study #1 (Bassaganyas et al., Clin Cancer Res 2020): We analyzed SNP array data from 452 

paired tumor/adjacent resected HCCs and 25 dysplastic nodules. We used the CNApp web 

tool11 to quantify the CNA burdens of each sample and generate broad and focal scores (BS 

and FS), which were then correlated with transcriptomic, mutational and methylation 

profiles, tumor immune composition, and clinicopathologic data. 

Study #2 (Esteban-Fabró et al., Clin Cancer Res 2020): This study was performed using two 

syngeneic murine HCC models based on C57BL/6J mice bearing subcutaneous Hepa1-6 or 

Hep53.4 tumors (n=80 and 40, respectively). Animals were randomized to receive 

cabozantinib, anti-PD1, their combination or placebo. Molecular and immune effects on 

tumor samples were assessed with flow cytometry, IHC and transcriptome analysis, while 

blood samples were evaluated with flow cytometry and cytokine profiling. Cabozantinib-
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related effects were validated in transcriptomic data from a colorectal cancer patient-derived 

xenograft model. Finally, transcriptomic data from three human HCC cohorts (cohort1: n=167, 

cohort 2: n=57, The Cancer Genome Atlas: n=319) were used to cluster patients according to 

combination-like expression features and to assess their impact on overall survival. 

Study #3 (Leslie et al., Gut 2022): neutrophil infiltration was characterized in human HCC and 

in three mouse models of NASH-HCC: an orthotopic on Western diet model, a DEN/ALIOS 

model and a choline-deficient high-fat diet model. Animals from the first two models were 

administered anti-PD1, AZD5069, the combination or vehicle, and the molecular effects of the 

therapies on the tumor immune microenvironment were evaluated by imaging mass 

cytometry, RNA-seq and flow cytometry. Anti-CD8a was administered for CD8+ T cell 

depletion, iCCR mice (CCR1, 2, 3 and 5 knockout) with DEN/ALIOS treatment was used to 

impair dendritic cell (DC) recruitment, anti-XCL1 was used to block cDC-CD8+ T cell 

interactions and neutrophil transfusions were performed in the orthotopic NASH-HCC model. 

 

Results 

Study #1 (Bassaganyas et al., Clin Cancer Res 2020): 

1. We used the TCGA pan-cancer data (10,635 patients) to rank HCC based on CNApp-

derived BS and FS, quantifying genomic burdens of broad and focal CNAs, respectively. 

We observed that BS and FS distributions in HCC were intermediate among all cancer 

types. In addition, HCC was one of the 14 tumor types where BS negatively correlated 

with transcriptomic estimates of immune infiltration, while FS did not. 

2. HCCs with a low burden of broad CNAs (low BS) were more diploid and were enriched in 

the HCC immune class, specifically the active subclass, which is characterized by the 

activation of an adaptive immune response. Low BS samples displayed high inflammatory 

and antitumor immunity signaling, higher immune infiltrate and cytolytic activity 

estimates, and were transcriptionally similar to tumors responding to anti-PD1. 

3. HCCs with high burden of broad CNAs (high BS) were more polyploid, had an enrichment 

in transcriptomic features of DNA repair and proliferation and low immune infiltration.  
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4. High levels of focal CNAs (high FS) were linked to classical proliferative features, TP53 

mutation, poor survival signatures and features of aggressive tumors like poor cell 

differentiation and vascular invasion. FS did not correlate with immune features.  

5. Dysplastic nodules and very early HCCs with broad CNAs were also linked to reduced 

features of active antitumor immunity, suggesting that the impact of broad CNAs on 

immunity may be seen even at early stages of hepatocarcinogenesis. 

6. We observed several potential mechanisms that could explain the differential immune 

profiles based on broad CNA levels: 

a. Low BS HCCs had a significantly higher ratio of observed/expected neoantigens, 

rendering more neoantigens than expected by their lower mutation burdens.  

b. Specific losses of antigen presentation machinery genes (such as HLA-DQB1) were 

enriched in high BS tumors. 

c. High BS HCCs have a widespread hypomethylation, which may indicate an epigenetic 

influence on HCC immune profiles12. 

d. The accumulation of broad CNA losses had a stronger association with reduced 

immune infiltration estimates as compared to broad CNA gains, like previous 

observations in melanoma13. 

 

Study #2 (Esteban-Fabró et al., Clin Cancer Res 2020): 

1. Combination treatment induced a significantly shorter time to objective response versus 

the rest of treatment arms. It also induced the greatest anti-tumor growth effect and the 

greatest objective response rate (ORR). In addition, both cabozantinib and combination 

treatments induced a significant reduction in viable tumor volume and increased tumor 

necrosis. 

2. The antiangiogenic effects in cabozantinib and combination arms were confirmed by 

reduced CD31 staining, absence of vessels encapsulating tumor clusters, reduced 

enrichment in transcriptomic signatures of angiogenesis and more enrichment in 

hypoxia-related signatures. Combination was also associated with the greatest reduction 

in gene expression signatures of proliferation and DNA repair.  

3. Immune population assessment of infiltrating immune cells (with flow cytometry, 

immunohistochemistry and transcriptomic analysis) revealed that cabozantinib and 
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combination induced a significant recruitment of intratumor neutrophils. In addition, 

neutrophil antitumor activity was the biological process most significantly associated 

with the 100 genes uniquely upregulated by the combination.  

4. Further immune characterization revealed that all anti-PD1 and combination-treated 

samples recapitulated the immune class of HCC. Combination was significantly associated 

with upregulation of transcriptomic pathways of inflammation, innate and adaptive 

immunity and with downregulation of TGFβ and β-catenin pathways. Cabozantinib and 

combination induced a reduction in CD8+ PD1+ lymphocytes and intratumoral T 

regulatory cells. 

5. At the systemic level, cabozantinib and combination increased the proportions of 

circulating T and CD8+ T cells and reduced the neutrophil-to-lymphocyte ratio in blood. 

Combination specifically increased the proportions of circulating memory/effector T and 

CD8+ T cells, and the levels of the chemoattractants CCL27 and IL-16.  

6. We defined three human HCC clusters (Neutrophil Enriched, Neutrophil Depleted and 

Tumor-only Neutrophil Depleted) based on enrichment in a signature reflecting the 

neutrophil activation in combination-treated mice. The Neutrophil Enriched cluster (25% 

of patients), with high active neutrophil enrichment in tumor and adjacent tissue, 

presented a lack of immune exclusion, reduced stem cell and proliferation features, and 

was linked to longer survival. 

 

Study #3 (Leslie et al., Gut 2022): 

1. CXCR2+ expression was detected specifically among infiltrating neutrophils in human 

NASH and within the tumor of both human and mouse models of NASH-HCC. In mouse 

models, tumor-associated neutrophils (TANs) express inflammatory and pro-tumor 

neutrophil genes.  

2. Using preclinical models of NASH-HCC that are resistant to anti-PD1 therapy, we 

observed that such resistance is overcome by co-treatment with the CXCR2 small 

molecule inhibitor AZD5069, which can extend survival, reduce tumor burden and impair 

tumor cell proliferation. 
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3. The combination of anti-PD1 and CXCR2 inhibitor increased CD8+ T cell infiltration and 

induced a higher number of Granzyme B+ T cell clusters. These clusters were also enriched 

in conventional XCR1+ dendritic cells and immature proliferating neutrophils.  

4. The combination, which increased the number of TANs, also induced a TAN re-

programming from a pro- to an anti-tumor phenotype: combination-treated TANs were 

enriched in cell cycle, phagocytosis, antigen presentation and degranulation processes.  

5. The treatment based on the transfusion of immature inflammatory neutrophils in 

combination with anti-PD1 had a similar anti-tumor effect than the combination with the 

CXCR2 inhibitor. It also increased intratumor CD8+ T cells and conventional dendritic cells. 

In parallel, depletion of CD8+ T cells, of cDC1s and blockade of cDC-CD8+ T cell interactions 

impaired the anti-tumor activity of the combination. Therefore, our results suggest that 

these cells are required for the therapeutic benefit of the combination. 

 

Conclusions 

• There are differential associations between broad and focal genomic CNA burdens and 

several HCC molecular features. HCCs with high burdens of broad CNAs exhibit immune 

exclusion features, while low broad CNA burdens are linked to immune active profiles. 

These data constitute evidence in favor of chromosomal instability as a cancer hallmark 

impacting tumor immunogenicity, which may influence patient response to 

immunotherapies. 

• The combination of cabozantinib with anti-PD1 enhances anti-tumor immunity by 

bringing together innate neutrophil-driven and adaptive immune responses, a 

mechanism of action which could broaden the spectrum of responders in HCC. Human 

HCC tumors enriched in combination-like neutrophil features display a favorable 

molecular and clinical profile, suggesting the benefit of this combination for HCC 

treatment. 

• TANs can be selectively manipulated through CXCR2 inhibition to adopt an anti-tumor 

phenotype. The combination of CXCR2 antagonism with anti-PD1 therapy enhances the 

efficacy of anti-PD1 in preclinical models of NASH-HCC and is a promising candidate for 

clinical testing. 
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1. Cancer: impact and biology 

1.1. The global burden of cancer 

Cancer is defined as the group of diseases in which abnormal cells divide without control and 

have the potential to invade other parts of the body14. It is a remarkable health problem 

globally which caused an estimated 19.3 million new cases and 10 million deaths worldwide 

in 20201. Of these, the most diagnosed cancers were female breast (11.7% of the total new 

cases), lung (11.4%), colorectal (10%), prostate (7.3%), stomach (5.6%) and liver (4.7%); and 

the most common causes of death by cancer were lung (18%), colorectal (9.4%), liver (8.3%), 

stomach (7.7%) breast (6.9%) and esophagus (5.5%)1. Of note, incidence and mortality of 

cancer types differ significantly across geographic regions and between genders; this reflects 

societal, economic and lifestyle disparities. However, based on growth and ageing of the 

world population, the incidence of cancer is expected to rise across all regions and up to 28.4 

million new cases globally in 2040. This could be further exacerbated particularly in 

developing countries where an epidemiologic transition is likely to increase the prevalence of 

known cancer risk factors such as smoking, excessive body weight or sedentarism1. Such data 

reinforce the need to escalate efforts to control the disease through prevention measures 

and efficacious cancer care to achieve a global cancer control. In this context, translational 

research is crucial to convert the increasing knowledge on the biological principles of cancer 

into successful clinical implementations15. 

1.2. Cancer Biology 

Tumorigenesis is a multistep process based on the acquisition of a set of fundamental traits 

(hallmarks of cancer) by cancer cells16. In 2000, Hanahan and Weinberg published ‘The 

Hallmarks of Cancer’, a review of cancer research literature that was essential for 

conceptualizing the pathogenic route that a normal tissue undergoes to become a malignant 

tumor17. These hallmarks are acquired thanks to enabling characteristics, which act as 

facilitators of cell transformation. In a recent revision of this model, the following framework 

of hallmarks and enabling characteristics were proposed18 (Figure 1).  
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Figure 1 | Hallmarks of Cancer and enabling characteristics. Adapted from Hanahan Cancer Discovery 

202218. 

 

1.2.1. Hallmarks of Cancer 

• Sustaining proliferative signaling: cancer cells can increase the production and release of 

growth factors or present structural changes inducing ligand-independent activation of 

receptors to continuously promote their progression through the cell cycle.  

 

• Evading growth suppressors: capacity to bypass proliferation inhibition signals, which 

mostly depend on the activity of tumor suppressor genes. 

 
• Resisting cell death: tumor cells present alterations in the sensor systems that trigger 

apoptosis, the mechanism of programmed death for old or damaged cells in order to 

avoid the propagation of DNA errors and promote cell homeostasis in the tissues. 

 
• Enabling replicative immortality: in cancer cells, the enzyme complex telomerase is 

reactivated and allows the maintenance of telomeres (the ends of chromosomes) in the 

successive cell divisions. Without telomere shortening, cancer cells can undergo an 

unlimited number of growth-and-division cycles. 
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• Inducing angiogenesis: cancer cells can release angiogenic factors to trigger the 

formation of tumor-associated vasculature, which provides nutrients and oxygen and 

evacuates waste products from the tumor tissue, enabling cell proliferation and 

metastasis. 

 
• Activating invasion and metastasis: The invasion capability -linked to the loss of adherent 

junctions, expression of matrix-degrading enzymes and increased motility- allows cancer 

cells to escape the primary tumor mass, occupy adjacent tissues and travel to distant sites 

where they may form new colonies -metastases-, which are the cause of 90% of human 

cancer deaths. 

 
• Deregulation of cellular energetics: cancer cells can reprogram their glucose metabolism 

limiting it largely to glycolysis, adjusting to the energy requirements to sustain 

uncontrolled cell proliferation. 

 
• Avoiding immune destruction: to escape detection by the immune system, which is 

constantly monitoring tissues and eliminating arising malignant cells, tumors develop 

mechanisms such as avoiding immune recognition, suppressing immune reactivity or 

preventing T-cell infiltration.  

 

• Unlocking phenotypic plasticity: to avoid proliferation arrest, malignant cells can exit the 

state of terminal differentiation reached by normal cells. This can be reached by de-

differentiation back to progenitor-like states, undifferentiated progenitor cells halting 

their differentiation process, or by a switch in the differentiation program 

(transdifferentiation) towards a more favorable cell phenotype. 

 

• Senescent cells: in certain contexts, senescent (non-dividing and metabolically active) 

cells in the tumor microenvironment are capable of stimulating tumor development and 

malignant progression.   
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1.2.2. Enabling characteristics 

• Genome instability and mutation: a succession of alterations in the genomes of cancer 

cells (mutations) allows the acquisition of oncogenic traits. Specific mutant genotypes in 

subsets of cancer cells are linked to a selective advantage and enable their outgrowth 

and dominance in the local tissue environment. 

 

• Tumor-promoting inflammation: tumor-infiltrating immune cells can promote several 

hallmark capabilities by supplying molecules to the microenvironment such as growth 

factors, survival factors limiting cell death, proangiogenic factors, enzymes modifying the 

extracellular matrix and promoting invasion, etc.   

 

• Non-mutational epigenetic reprogramming: many cancers harness global changes in their 

epigenetic landscapes, reprogramming gene-regulation networks to alter gene 

expression and favor the acquisition of hallmark capabilities.  

 

• Polymorphic microbiomes: the human body is colonized by a large variety of 

microorganisms –approximately 40 trillion cells-, which may contribute to human health 

and disease. For instance, some have promoting or protective effects on cancer 

development, progression, and response to therapies.  

Of note, genomic instability in cancer cells and the inflammatory state of premalignant and 

malignant lesions are relevant determinants of the tumor phenotypes and may inform on 

their capacity to respond to therapies. These characteristics are further discussed below. 

 

1.3. Genomic instability and mutation in cancer 

The acquisition of many of the hallmarks presented above rely upon the accumulation of 

alterations in the genomes of cancer cells. Such accumulation allows the generation of altered 

genotypes in subclones of cells that have a selective advantage, allowing them to outgrow 

the rest of cells and dominate in a local tissue environment, promoting cancer progression16. 

The increased tendency to accumulate DNA alterations during cell division is known as 

genomic instability. It can be caused by multiple elements: an increased sensitivity to 
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mutagenic agents, a breakdown in one or more components of the genomic maintenance 

machinery and/or a dysfunction in the surveillance system that monitors the genomic 

integrity and induces senescence or apoptosis of damaged cells19. 

The acquired DNA alterations in somatic cells, known as somatic mutations, are the result of 

cell-intrinsic processes (e.g., DNA damage or decay of nucleotides over time) or exposures to 

external agents (e.g., cigarette smoke or ultraviolet light). Germline mutations, which are 

inherited from parents, are less frequent and are linked to hereditary cancer predisposition 

and normally affect DNA repair genes20.  

All molecular aberrations that involve the modification of the underlying DNA sequence are 

called structural mutations, which can be further subdivided into single-base substitutions, 

insertions and deletions (indels), copy-number alterations (CNAs) and chromosomal 

rearrangements. Further details on these types of structural mutations are given in the 

sections below.  

In addition to the previous, cancer cells can also present insertional mutagenesis or the 

integration of exogenous DNA sequences within the genome, resulting in the deregulation of 

genes that lead to oncogenic development. These sequences are generally from viruses like 

Epstein Barr virus, Hepatitis B virus, human papilloma virus, human T lymphotropic virus 1 

and human herpes virus 821.  

The study of somatic mutations has advanced dramatically with the advent of genome-wide 

sequencing, which has shown that every tumor harbors thousands of somatic mutations (and 

epigenetic alterations). However, only a small fraction of them (around 3-8) are drivers – 

located in genes that provide a growth advantage over surrounding cells when mutated-. The 

remaining mutations are passengers. These occur coincidentally during the tumorigenic 

process21,22 and do not confer a selective growth advantage to the tumor cell. Currently, only 

~570 cancer driver genes have been described of the >20,000 genes in the human genome23.  

 

1.3.1. Single-base substitutions and indels 

Single-base substitutions or single nucleotide variants (SNVs) involve replacements of one 

base for another and can be divided into transitions (exchanges between bases of the same 

class, purine or pyrimidine) and transversions (a purine being replaced by a pyrimidine or vice 



Introduction 

 36 

versa). When a SNV affects an exon, it can induce a change in the codified amino acid. 

Depending on the type of codon change, SNVs can be classified as synonymous or silent 

mutations (the new codon encodes the same amino acid than in the wild-type gene), non-

synonymous or missense mutations (the new codon encodes a different amino acid) and 

nonsense mutations (the new codon is a stop codon causing a truncated protein)24 (Figure 

2). 

Insertions and deletions (indels) comprise insertions and deletions of one or a few bases in 

the DNA sequence. Frameshift indels are those that cause a shift in the reading frame of the 

protein, altering all the codons that are read after the mutation. Sometimes, inframe indels 

occur if 3 (or a multiple of 3) bases are inserted or deleted, since the reading frame is not 

modified (Figure 2). 

 

Figure 2 | Single-base substitutions and indels. (A) Representation of SNVs and indels. (B) Types of 
SNVs based on how they alter the codon sequence. Obtained from Krebs et al. Genes are DNA. Lewin’s 
Genes XI 201324. 

 

Of note, in common solid tumors like breast, colon, pancreas or brain, an average of 33 to 66 

genes displays mutations that alter their protein sequence (40 for HCC, Figure 3). About 95% 

of these mutations are SNVs, of which 90.7% are missense mutations, 7.6% are nonsense 

mutations, and 1.7% result in alterations of splice sites or untranslated regions adjacent to 

start and stop codons. The remaining 5% of alterations are indels of one or a few bases25. 
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Figure 3 | Number of non-synonymous somatic mutations in multiple human cancer types. 
Horizontal bars represent the 1st and 3rd quartiles. MSI, microsatellite instability; SCLC, small cell lung 
cancers; NSCLC, non–small cell lung cancers; ESCC, esophageal squamous cell carcinomas; MSS, 
microsatellite stable; EAC, esophageal adenocarcinomas. Data from Vogelstein et al. Science 201325. 

 

1.3.2. Copy-Number alterations (CNAs) and aneuploidy 

Aneuploidy is a common feature of human cancer, present in ~90% of solid tumors26. It is 

defined as a state in which a cell does not contain the exact multiple of the haploid 

chromosomal complement, therefore having an unbalanced genomic status (Figure 4A)27. 

Aneuploidy encompasses numerical aberrations (whole chromosome gains and/or losses) 

and structural or segmental aberrations (gains and/or losses of sub-chromosomal regions)27–

30.  Regarding its origin, a major source of aneuploidy is believed to be chromosomal 

instability (CIN), defined as an ongoing elevated frequency of mitotic errors that leads to gains 

and losses of whole chromosomes or parts thereof31–33. These aberrant mitoses are mainly 

due to chromosome mis-segregations, lagging chromosomes during anaphase, pre-mitotic 

structural defects due to replication stress and even cancer-cell extrinsic events like glucose 

deprivation, hypoxia, or extracellular medium acidification33–35. Therefore, CIN causes a rapid 

acquisition of aneuploidy in cancer cells.  

Generally, tumor aneuploidy is assessed through somatic copy-number alterations (CNAs). 

These can either be broad CNAs, which span most of a chromosome or the majority (≥50%) 
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of its arm, and mainly occur through mitotic chromosome missegregations26; or focal CNAs, 

typically defined as deletions or amplifications affecting a limited region in a chromosome 

arm and which tend to occur due to inappropriate repair of DNA double strand breaks26. Focal 

CNAs have been analyzed differently over the years, varying from restrictive definitions 

limiting their lengths to less than 3 Mb36,37, to recent genomic studies defining those somatic 

CNAs spanning less than 50% of a chromosome arm as focal events5,38,39. Pan-cancer studies 

have revealed that there is a median of 11 focal amplifications, 12 focal deletions, 3 broad 

amplifications and 5 broad deletions per cancer sample, as well as 1 copy-neutral loss-of-

heterozygosity (LOH), which is a genomic event where one allele is deleted and the other is 

duplicated39. In HCC, an average burden of 8.7 CNAs per patient has been reported40. Of note, 

although broad CNAs tend to be less frequent and do not involve multi-copy gains or 

homozygous deletions, they may cause large gene dosage imbalances in the expression of 

hundreds to thousands of genes. 

In terms of the consequences of aneuploidy, it promotes a dual cellular state: generally, 

adverse effects of aneuploidy (i.e., defects in cell proliferation, proteotoxic stress and p53 

activation) impair tumorigenesis, but these negative cellular outcomes are attenuated in the 

presence of aneuploidy-tolerating mutations (e.g., TP53 inactivation), increased ploidy or 

balancing aneuploidies (occurrence of alterations that counteract the protein imbalances 

resulting from the accumulation of CNAs)27 (Figure 4B). In this scenario, aneuploidy leads to 

intratumor genetic diversity and the ability to undergo selective evolution, which is required 

for processes like metastasis and resistance to anticancer therapies33,34. For this reason, the 

genomic imbalances caused by aneuploidy may be relevant for tumor progression and may 

enhance even further the generation of more DNA structural alterations, causing a negative 

effect on patients’ survival5,41. 
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Figure 4 | Aneuploidy and its impact on tumorigenesis. (A) Aneuploidy is defined as a deviation from 
an euploid genomic state with a range of possible aberrant karyotypes. (B) Although aneuploidy is 
mostly associated with cellular stress and inhibition of tumorigenesis, specific conditions give 
aneuploid cells enhanced tumorigenic potential. Adapted from Pfau et al. EMBO Rep 201227. 

 
1.3.3. Chromosomal rearrangements 

Chromosomal rearrangements originate from a DNA break that is rejoined to another DNA 

segment that was not originally contiguous to the breakpoint. This results in the formation of 

gene fusions, which can be tumorigenic due to the overexpression of one of the genes 

involved or the generation of a fusion protein with oncogenic potential; for example, the 

rearrangement between BCR (in chromosome 22) and ABL (in chromosome 9) generates a 

fusion protein with constitutively activated ABL and a deregulated cell cycle21. 
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1.4. The immune system in cancer 

1.4.1. Infiltrating immune cells and the cancer-immunity cycle 

A tumor can be defined as a heterogeneous mixture of resident host cells, infiltrating cells, 

secreted factors and extracellular matrix. Of those, the tumor microenvironment (TME) 

includes the immune cells, stromal cells, blood vessels and extracellular matrix surrounding 

tumor cells42. During tumor growth, a dynamic interaction between tumor cells and the TME 

is established to support the survival of cancer cells, local invasion and metastatic 

dissemination43.  

The function of the immune system in the context of cancer is to detect and eliminate tumor 

cells as non-self-entities42. Depending on the specificity of the response, anti-tumor immunity 

can be classified into innate and adaptive. Innate immune cells, composed of natural killer 

(NK) cells, eosinophils, basophils, and phagocytic cells, including macrophages, monocytes, 

mast cells, neutrophils and dendritic cells (DCs), participate in tumor suppression either by 

directly killing tumor cells or by triggering adaptive immune responses43–45. Conversely, the 

adaptive immune cells are lymphocytes, which can orchestrate a response against tumor 

cells based on the identification of tumor-specific antigens (or neoantigens), which are novel 

peptide sequences induced by the accumulation of somatic mutations44. Lymphocytes can be 

split into B cells, which play a role in humoral immune responses (the generation of antibodies 

against tumor neoantigens), and T cells, involved in cell-mediated immune responses46–48.  

To escape immune surveillance, tumors modify the composition and phenotype of infiltrating 

immune populations to diminish the effects of tumor-antagonizing cells and favor the activity 

of tumor-promoting cells. Table 1 summarizes the functions of the main pro- and anti-tumor 

immune cells. 
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Table 1 | Main protumor and antitumor immune cell types. 42–49  

 
 

Considering the immune actors above, effective killing of cancer cells by the adaptive immune 

system is dependent on the completion of a multi-step process called the cancer-immunity 

cycle, encompassing the following (Figure 5): (1) tumor-specific neoantigens are captured by 

antigen-presenting cells (APCs, mostly DCs) for processing if they receive positive 

proinflammatory signals (chemokines and other factors from dying tumor cells); (2) APCs 

present the antigens to T cells (via major histocompatibility complex molecules, MHCs, 

binding T-cell receptors, TCRs); (3) effector T cells are primed and activated against the 

cancer-specific antigens in lymph nodes; (4) effector T cells traffic into the tumor; (5) infiltrate 

into the tumor; (6) specifically recognize tumor cells expressing their cognate antigen through 

the interaction between TCR and MHC-I expressed by cancer cells; and (7) kill the target tumor 

cell, releasing more tumor antigens to be recognized by APCs and continuing the cycle50. Of 

note, the innate immune system is crucial for the maintenance of this cycle and can amplify 

Effect Cell types Roles in cancer

CD8+ Cytotoxic T lymphocytes 
(CTLs)

Identification and killing of tumor cells presenting target neoantigens 
through FasL-mediated apoptosis. Secretion of IFN-! and TNF⍺ to induce 
cytotoxicity in cancer cells.

CD4+ T helper lymphocytes
Secretion of IL-2 to promote CTL proliferation, cross-presentation of tumor 
antigens to CTLs and secretion of costimulatory molecules to shape CTL 
phenotypes.  

B cells
Formation of tertiary lymphoid structures (TLS), antibody production, 
antigen presentation to T cells, production of IFN-!.

NK cells
Tumor cell killing inducing apoptosis via perforin and granzyme production. 
Secretion of proinflammatory chemokines (e.g. IFN-!, TNF, IL-6).

Dendritic cells (DC)
Antigen presentation to T cells and generation of costimulatory signals for T 
cell activation. Initiators of adaptive immune responses.

M1-polarized tumor-associated 
macrophages (TAMs)

Production of pro-inflammatory cytokines and reactive oxygen species (ROS) 
for tumor cell killing.

N1-polarized tumor-associated 
neutrophils (TANs)

Release of granules with cytotoxic compounds. Secretion of pro-inflammatory 
cytokines and chemokies.

CD4+ Regulatory T cells (Tregs)
Prevention of an effective antitumor immune response through multiple 
mechanisms, including suppression of CD8+ T cells via TGF-β and IL-10 
signaling.

Myeloid-derived suppressor 
cells (MDSCs)

Enhancing angiogenesis through the production of MMP9, prokineticin 2 and 
VEGF. Induction of cancer cell migration towards endothelia (metastasis 
promotion). Inhibition of T cell function through the production of arginase, 
iNOS, TGF-β and IL-10.

M2-polarized tumor-associated 
macrophages (TAMs)

Production of anti-inflammatory cytokines (e.g IL-4, IL-10, IL-13). Induction of 
angiogenesis (VEGF production) and extracellular matrix (ECM) remodeling to 
promote tumor progression and metastasis. Morphologically similar to 
monocytic MDSCs (M-MDSCs).

N2-polarized tumor-associated 
neutrophils (TANs)

Promotion of tumor growth and invasion through ECM modification via 
matrix metalloprotease-9 (MMP-9) and angiogenesis via VEGF. 
Morphologically similar to polymorphonuclear MDSCs (PMN-MDSCs).

B cells 
Production of cytokines to recruit MDSCs and inhibit CTL function (e.g. IL-10 
and TGF-β).

Tumor-
antagonizing

Tumor-
promoting
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the immune response: innate immune cells participate in the T cell priming, expansion and 

infiltration at the tumor site, in addition to having a direct tumoricidal effect (phagocytosis 

and cytotoxicity)45.  

 
Figure 5 | The cancer-immunity cycle, with associated stimulatory and inhibitory factors. Obtained 
from Chen et al. Immunity 201350.  

 

1.4.2. Mechanisms of immune evasion in cancer 

In optimal conditions, innate and adaptive immunity cooperate to detect the presence of a 

developing tumor and destroy it before it is clinically apparent. However, rare tumor cell 

variants may have acquired the ability to overcome immune recognition and/or destruction 

and survive the anti-cancer immunity processes to ultimately become a progressively growing 

tumor51. The cancer immunoediting is a conceptual framework that integrates the 

mechanisms by which the immune system affects cancer development and progression. It 

includes the processes of elimination of new tumor cells, equilibrium involving the survival 

of rare tumor cell variants, and escape of immunosurveillance to generate a full-blown 

tumor51. 
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In cancer patients, the cancer-immunity cycle does not function optimally. The mechanisms 

that tumors utilize to evade immunosurveillance are multiple and can be linked to every step 

of the cycle (Figure 5)50. Regarding cancer antigen presentation (steps 1-2 in Figure 5), tumors 

can modulate the phenotype of DCs to interfere with their function and maturation, and 

therefore with an effective presentation of antigens to T cells. They can do so by releasing 

soluble factors like VEGF, IL-10, TGF-b, M-CSF and IL-6, and through physiological stimuli like 

hypoxia and lactic acid in the TME50,52. Impeding the trafficking of cytotoxic T cells (CTLs) to 

tumors (step 4) can be achieved by the disruption of T cell-attracting chemokines produced 

in the TME, such as CCL2, CCL3, CCL4, CCL5, CXCL9, CXCL10 and CXCL1153. Tumors can also 

block CTL extravasation and infiltration into tumors (step 5), which requires their adhesion 

to the vascular endothelium, through the release of angiogenic molecules (e.g. VEGF, basic 

fibroblast growth factor -bFGF-, endothelins) that downregulate adhesion molecule 

expression on endothelial cells (e.g. intercellular adhesion molecule-1, ICAM-1, and vascular 

cell adhesion molecule, VCAM-1)54,55. Once CTLs reach the tumor bed, they encounter 

multiple obstacles before reaching the target tumor cell. Tumors can recruit and induce local 

expansion of immune suppressive cells, like CD4+ Treg cells and MDSCs. Tregs suppress CTL 

expansion and cytokine secretion (IFNg, TNFa) nonspecifically through the secretion of 

soluble mediators (TGFβ, IL-10, and IL-35), the generation of adenosine and cytolysis via TRAL 

and granzyme B, while also inducing DC immunotolerant phenotypes56. MDSCs, in turn, 

contribute to CTL suppression by arginase I, reactive oxygen species (ROS), IL-10, and TGFβ 

production57. CTLs also face the expression of surface molecules by tumor cells inducing cell 

death (FasL, TRAIL)58 and attenuation of their function due to deprivation of metabolic 

substrates via competitive consumption by the tumor and hypoxic and acidic conditions of 

the extracellular medium52,59,60. After overcoming the barriers of the tumor vasculature and 

stroma, T cells need to recognize cancer cells presenting antigens via major histocompatibility 

complex (MHC) molecules (step 6). Many tumors eliminate the presentation of neoantigens 

through MHC molecules through loss of expression or downregulation of such molecules, 

which can be achieved by selective pressure from mutation, genetic loss, or epigenetic 

silencing of expression52,61. 

Finally, a common mechanism of many tumors to avoid T cell priming and activation (step 3) 

and killing of cancer cells (step 7) is to induce the expression of immune suppressive 
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checkpoint molecules in tumor cells and leukocytes (Figure 6)52, with the goal to overcome 

the co-stimulatory signals that are needed on top of the MHC-TCR interaction to induce 

effector T cell activity. Among other immune checkpoints, cytotoxic T lymphocyte associated 

antigen 4 (CTLA4) predominantly acts as a regulator of CD4+ T cell priming in the lymph nodes 

(step 3 of the cancer immune cycle) and enhances the Treg cell ability to suppress effector 

CD8+ T cell function62.  In parallel, given that activated T cells express the co-inhibitory 

receptor programmed cell death protein 1 (PD1), tumors promote the expression of its ligand 

PD-L1 by tumor and stromal cells; this promotes an exhausted state of T cells, becoming 

functionally disabled (Steps 6-7). The identification of these molecules has led to the 

development of immune checkpoint inhibitors (ICIs), cancer immunotherapies interrupting 

these immunosuppressive interactions and restoring the ability of T cells to eliminate antigen-

expressing cancer cells52,62.  

 
Figure 6 | The role of the immune checkpoints PD1 and CTLA4. CD8+ T effector (Teff) cells are thought 
to be the major type of immune cell affected by the programmed cell death protein 1 (PD1) 
immunosuppressive checkpoint pathway. In contrast, cytotoxic T lymphocyte associated antigen 4 
(CTLA4) predominantly regulates the activity of both effector and regulatory (Treg) CD4+ T cell 
subtypes. Obtained from Topalian et al. Nature Reviews Cancer 201662. 

 

1.4.3. Evidence of correlation between CNAs and immune evasion 

Chromosomal instability (CIN) is the source of a variety of copy-number alteration (CNA) 

profiles among tumor cells inside a tumor. In turn, these CNAs can have large phenotypic 

impacts through the alteration of the expression of many genes63. Such intratumor 

heterogeneity, in face of the selective pressure exerted by the immune system, could allow 
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the selection of subclones with specific alterations in immune-related genes or with deletions 

in immunogenic neoantigens64,65. Pan-cancer evaluations of the impact of CNAs on the 

hallmarks of cancer revealed that distinct types of aneuploidy impact differently the cancer 

transcriptomic profiles: while -in general- the genomic loads of focal CNAs are linked to 

proliferation markers and affect strongly patient survival, broad CNAs are associated with a 

reduced cytotoxic immune infiltrate4,5,63. Moreover, in highly aneuploid melanomas, broad 

CNAs are associated with poor responses to immunotherapy5,66,67. The mechanistic rationale 

behind the association of broad CNAs with immune escape remains unresolved, although 

multiple candidate mechanisms have been proposed, including aneuploidy causing specific 

losses in immune-related genes13, aneuploidy-derived proteotoxic stress weakening tumor 

antigen presentation on MHC molecules5,68 or global demethylation helping to reduce 

aneuploidy-induced immunogenicity12. Although the association of CNAs with immune 

evasion has been described in multiple cancer types, the present thesis aimed to thoroughly 

define the impact of CNA burdens on HCC molecular and immune features given the limited 

evidence available for this cancer type. 

 

1.4.4. Neutrophils and cancer 

Neutrophils are key mediators of the innate inflammatory response as the first effector cell 

to reach an inflammation site, exerting antimicrobial and inflammatory functions through 

phagocytosis, degranulation, release of neutrophil extracellular traps (NETs) and antigen 

presentation69. Until recently, they were overlooked in cancer pathogenesis as their lifespan 

was believed to be too short (7-10h in blood) to have an important effect10. However, they 

accumulate in the peripheral blood of advanced-stage cancer patients and a high circulating 

neutrophil-to-lymphocyte ratio (NLR>5) is a robust biomarker of poor outcome in many 

cancers70–72.  

To date, only limited evidence is available on the phenotype and function of intratumor 

neutrophils (or tumor-associated neutrophils, TANs) in patients with cancer, and data is 

mostly restricted to early stages of the diseae10,71. Although TANs have been associated with 

poorer outcomes in a pan-cancer basis73, this seems to vary across cancer types and to 

depend on neutrophil location (intratumoral or peritumoral)74–76 and tumor stage77,78. The 



Introduction 

 46 

hypothesis that local molecular cues from different tumor regions or disease stages may 

modulate neutrophil phenotypes could explain this observation71; for example, it has been 

proposed that the invasive tumor front dominated by TGF-b signaling and peritumoral GM-

CSF and TNF signaling can induce neutrophil pro-tumor phenotypes in colorectal and 

hepatocellular carcinomas79,80. 

Initial evidence of TAN functions in mouse models of cancer revealed that neutrophils have a 

phenotypic plasticity that depends on specific features of the TME: in a TGF-b-rich 

environment, neutrophils acquire a pro-tumor “N2” phenotype81, while interferon signaling 

and TGF-b depletion polarize them towards an anti-tumor “N1” phenotype81–83 (Table 1). In 

mouse and in human, these phenotypic changes are based on shifts in the expression patterns 

of multiple cytokines, chemokines, adhesion molecules and granule-associated proteins; 

since N1-N2 are extremes of a wide spectrum of intermediate phenotypes71,78, the 

identification of robust markers is difficult. Nevertheless, upregulation of CCL17 (Treg 

chemoattractant), arginase (promoting T cell inhibition) and matrix metalloproteinase 9 

(MMP9, promoting angiogenesis) are linked to N2 neutrophil functions84–86. In contrast, the 

N1 phenotype correlates with an enhanced capacity to degranulate, to produce pro-

inflammatory cytokines and chemokines, to activate adaptive immunity acting like an APC 

(expressing MHC-I and MHC-II molecules), and to induce direct cell killing through increased 

oxidative burst and phagocytosis71,78. 

Given their plasticity and capacity to interact with other innate and adaptive immune cell 

populations, clinically targeting TANs to suppress them or modulate their phenotype may 

shed light on their role in cancer and reveal novel immunotherapeutic approaches10,71.  

 

2. Hepatocellular carcinoma 

2.1. Epidemiology and risk factors of HCC 

Primary liver cancer is the sixth most diagnosed cancer and the third leading cause of cancer-

related death worldwide, with approximately 906,000 new cases and 830,000 deaths 

reported in 20201 (Figure 7A). Moreover, by 2025 its incidence is expected to raise to >1 

million individuals2. Hepatocellular carcinoma (HCC) is the most common form of primary 

liver cancer accounting for around 90% of cases2. Incidence and mortality rates are the highest 
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in East Asia and Africa, although they are increasing in different parts of Europe and the USA2; 

in fact, HCC has been reported as the fastest increasing cause of cancer-related death in the 

USA since the early 2000s87. 

Around 90% of HCC cases arise in the setting of an underlying chronic liver disease, and 

cirrhosis from any etiology is the strongest risk factor for HCC. The major risk factors 

generating chronic liver damage are chronic alcohol consumption, diabetes or obesity-related 

NASH and viral infection by HBV or HCV; other less-prevalent risk factors are cirrhosis induced 

by primary biliary cholangitis, haemochromatosis and a1-antitrypsin deficiency2. As depicted 

in Figure 7B, the global distribution of the major risk factors is heterogeneous and explains 

the regional differences in the burden of HCC: 

 

• Hepatitis B virus (HBV) infection accounts for ~60% of cases in Asia and Africa, is the 

leading etiology in South America and is less prevalent (~20% of cases) in Western 

countries. As a DNA virus, HBV can induce insertional mutagenesis, integrating into the 

host genome and activating oncogenes; this can lead to the onset of HCC in the absence 

of cirrhosis in a subset of cases2,88.   
 

• Hepatitis C virus (HCV) infection is the most common etiology in North Africa, Western 

Europe, North America and Japan. HCV is an RNA virus which does not integrate into 

the host genome; thus, the risk of HCC is derived from the induction of chronic 

inflammation leading to cirrhosis or chronic liver damage. Although there have been 

dramatic improvements in HCV treatment during the last 5 years with the new direct-

acting antiviral agents, causing >90% of sustained virologic responses (SVR), there is 

over 2% of patients with HCV-induced cirrhosis that continue to have a persistent risk 

of HCC even after SVR2. 
 

• Non-alcoholic steatohepatitis (NASH) is a rapidly increasing risk factor predicted to 

become predominant in high income regions in the near future. Currently, it represents 

~15-20% of cases in the West. It is a form of non-alcoholic fatty liver disease (NAFLD), 

a term that encompasses a range of chronic liver disease forms that mostly occur in 

people with diabetes mellitus and obesity. NAFLD ranges from only excessive 

hepatocyte triglyceride accumulation (non-alcoholic fatty liver) to NASH, defined as a 
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non-alcoholic fatty liver plus inflammation and hepatocyte injury. Of note, 25-30% of 

NASH-HCCs occur in the absence of cirrhosis2. 
 

• Alcohol abuse is the leading etiology in Central and Eastern Europe. Excessive alcohol 

intake leads to alcoholic liver disease, cirrhosis and HCC. Alcohol can also interact with 

other HCC risk factors like viral hepatitis or diabetes. The potential pro-carcinogenic 

mechanisms of alcohol include the mutagenic effects of acetaldehyde and the 

production of ROS due to excessive hepatic iron deposition2,89. 

 

 
Figure 7 | Epidemiology and risk factors of liver cancer and HCC. (A) Estimated number of liver cancer 
incident cases and deaths worldwide, in both sexes and all ages (top-10 most incident cancers in 2020). 
(B) Incidence of HCC according to geographical area and etiology. Modified from Sung H et al., Cancer 
J Clin 20211 and Llovet JM et al., Nat Rev Dis Prim 20212. 
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Moreover, especially in cirrhotic patients, age and gender are sociodemographic factors 

which have also been linked to the risk of HCC: individuals over 70 years old have the highest 

HCC incidences, and the male predominance of HCC is evident with a male-to-female ratio of 

3:12. 

Finally, some carcinogenic cofactors can increase the risk of HCC in the presence of other risk 

factors: tobacco smoke; aflatoxin B1, which synergizes with HBV to induce HCC and is a 

common food contaminant in Southeast Asia and Sub-Saharan Africa; and aristolochic acid, 

frequently used in Asian traditional medicine90,91.  

 

2.2. Molecular pathogenesis of HCC 

HCC development is a multistep process where genetic factors interact with environmental 

exposures. The early steps of hepatocyte malignant transformation rely upon the co-

ocurrence of multiple elements, including a genetic predisposition, reciprocal interactions 

between viral and non-viral risk factors, the cellular microenvironment and the severity of the 

underlying chronic liver disease2. In fact, ~80% of HCCs develop in a cirrhotic background 

following a sequence of histopathological phases from the emergence of pre-cancerous 

dysplastic nodules (low-grade dysplastic nodules, LGDNs, and high-grade dysplastic nodules, 

HGDNs) which can turn into early-stage HCC and continue developing into more advanced 

stages, accumulating genetic and microenvironment alterations91. On the other hand, ~20% 

of HCCs develop in the context of a chronic liver disease without cirrhosis; this can be caused, 

for example, by insertional mutagenesis of the HBV genome or by malignant transformation 

of hepatocellular adenoma92,93. Of note, the cell of origin of HCC is debated between 

transformed mature hepatocytes, liver stem cells and transit-amplifying cell populations2,91,94.  

 

2.2.1. Molecular landscape of HCC 

Evidence from recent translational genomic studies enabled the description of the molecular 

landscape of HCC. On average, HCC tumors present 40-60 somatic point mutations, most of 

which are passengers; however, some of them are drivers and occur in genes that play a role 

in tumor progression95 (Table 2). The most mutated driver gene in HCC is TERT (~60%), 

followed by CTNNB1 and TP53 (~29% and ~27%, respectively). These three alterations 
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constitute the most frequent trunk events in HCC, mutations arising at early stages of 

carcinogenesis and being ubiquitous across all tumor regions96,97. In addition to these, focal 

copy-number alterations are also recurrent in HCC, mostly gains in 8q24.21 affecting MYC 

(12%) and 11q13.3 involving -among others- CCND1 and FGF19 (6-7%), as well as losses in 

9p21.3 involving CDKN2A (2%)95 (Table 2). 

Table 2 | Key oncogenic drivers and pathways de-regulated in HCC 

 
IGF, Insulin Growth Factor; mTOR, mammalian Target of Rapamycin; STAT, Signal Transducer and 
Activator of Transcription; TGFb, Transforming Growth Factor b. aTargetable by a drug in testing 
phases. bTargetable by an FDA-approved drug. cTargetable by mTOR inhibitors in testing phases. 
Adapted from Llovet JM et al., Nature Cancer Reviews 2022. 

 

Altered pathway Altered gene Type of alteration % prevalence in 
HCC (range)

Promoter-activating mutation 55 (44–59)
High-level focal amplification 6 (1–9)
Viral insertion 3 (1–5)
Loss-of-function mutation 27 (18–31)
Homozygous deletion 2 (0–2)

ATM Loss-of-function mutation 4 (2–5)
Loss-of-function mutation 4 (3–5)
Homozygous deletion 5 (4–6)
Loss-of-function mutation 2 (1–3)
Homozygous deletion 5 (4–6)

MYC High-level focal amplification 12 (4–18)
CCND1 a High-level focal amplification 7 (5–7)
CTNNB1 a Activating mutation 29 (23–36)
AXIN1 Loss-of-function mutation 7 (4–10)
APC Loss-of-function mutation 2 (0–3)
ARID1A Loss-of-function mutation 8 (4–12)
ARID2 Loss-of-function mutation 7 (3–10)
KMT2A Loss-of-function mutation 3 (0–4)
KMT2C Loss-of-function mutation 3 (2–5)
KMT2B Loss-of-function mutation 2 (0–4)
BAP1 Loss-of-function mutation 2 (0–5)
ARID1B Loss-of-function mutation 1 (0–3)
RPS6KA3 Unclassified 4 (3–6)
PIK3CA b Activating mutation 2 (1–4)
KRAS b Activating mutation 1 (0–1)
NRAS Activating mutation 0 (0–1)
PDGFRA b Mutation 1 (0–4)
EGFR b Activating mutation 1 (0–2)
PTEN Loss-of-function mutation 1 (0–2)

FGF signaling FGF19 b High-level focal amplification 6 (5–6)
VEGF pathway VEGFA b High-level focal amplification 5 (1–8)

NFE2L2 c Activating mutation 4 (2–6)
KEAP1 c Activating mutation 3 (2–5)
ALB Mutation 9 (5–13)
APOB Mutation 8 (1–10)
IL6ST Mutation 2 (0–3)
JAK1 a Mutation 1 (0–3)

TGF-β signalinga ACVR2A Loss-of-function mutation 4 (1–10)
IGF signalinga IGF2R Mutation 1 (0–2)

WNT–β-catenin signaling

Chromatin remodeling

Ras–PI3K–mTOR

Oxidative stress

Hepatocyte differentiation

JAK–STAT

TERT aTelomere maintenance

TP53 a

RB1

CDKN2A

Cell cycle regulation
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As a result of the recurrent alterations in the TERT promoter, ~80% of HCCs display 

overexpression of telomerase and therefore enhanced telomere maintenance, avoiding 

senescence and cell death due to telomere shortening40,95,97. Around 30-50% of cases display 

an oncogenic activation of the Wnt-b-catenin pathway, caused by activating mutations in 

CTNNB1 or inactivating mutations/deletions in AXIN1 or APC40,95,98,99. Other frequent 

alterations are responsible for altering cell cycle control (such as those in TP53, RB1, CCND1, 

CDKN2A, MYC or ATM), cause epigenetic modifications (loss-of-function alterations in 

ARID1A, ARID2, KMT2A and KMT2C), induce a deregulation of the oxidative stress pathway 

(activating NFE2L2, KEAP1) and activate the oncogenic tyrosine kinase receptor-RAS-PI3K 

signaling, either directly (e.g. loss-of-function mutations in RPS6KA3 and PTEN, activating 

PIIK3CA, FGF19 amplification and scarce RAS family gene alterations) 40,95,98,99 or indirectly 

through upstream signaling from the insulin growth factor (IGF) pathway (IGF2R)100. Of note, 

additional mutated genes in HCC are involved in the JAK/STAT signaling (IL6ST, JAK), TGF-b 

signaling (ACVR2A) and hepatocyte differentiation (ALB, APOB). 

Surprisingly, of the 34 most mutated genes in HCC (Table 2), only 6 are targetable by an FDA-

approved drug and another 8 are being assessed in early phase trials91. Two clear examples 

of targetable mutations are the high-level focal amplifications in 11q13 (6%) and 6p21 (5%), 

leading to FGF19 and VEGFA overexpression, respectively. In the first case, the anti-tumoral 

benefit of a fibroblast growth factor receptor 4 (FGFR4) inhibitor was demonstrated at the 

clinical level in HCCs with FGF19 overexpression101,102. In the second case, although drugs 

targeting VEGFA (bevacizumab) or VEGFRs (regorafenib, cabozantinib, lenvatinib) are 

available, there is no specific information on specific clinical benefits for patients with VEGFA 

amplification91. This highlights the unmet need for effective treatment for HCC and/or 

biomarker definition to identify patients responding to available therapies. 

 

2.2.2. Mutational signatures in HCC 

During chronic liver damage, cirrhosis and hepatocarcinogenesis, hepatocytes accumulate 

genetic mutations which follow distinct patterns that are dependent on the driving 

mutational mechanism of each tumor. Such patterns can be represented through the 

mutational signatures and in certain cases they have been linked to exposures to particular 
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environmental risk factors or endogenous cellular processes103. In HCC, DNA sequencing 

analyses have revealed enrichments in specific mutational signatures from the catalog of 

somatic mutations in cancer (COSMIC): signatures SBS1 and SBS5 are common and reflect 

clock-like mutations accumulating over successive cell divisions with age; SBS16 has been 

linked to alcohol intake; SBS4 and SBS29, to tobacco smoking; and SBS22 and SBS24 are linked 

to aristolochic acid and aflatoxin B1 exposures and are found mostly in Asian and African 

patients, respectively95,103,104. These observations reflect the role of the liver in detoxifying 

multiple metabolites, which can damage the genome of hepatocytes2. 

 

2.2.3. Molecular classification of HCC 

The integration of genomic, transcriptomic, epigenomic, histopathological and clinical data 

on HCC tumors has allowed the identification of different HCC molecular classes98,105–110. The 

most extended HCC molecular classification is based on the proliferation and the non-

proliferation classes (~50% of cases each, Figure 8)105.  

• The HCC proliferation class includes tumors with mutations in TP53 and focal 

amplifications in the 11q13 locus (FGF19 or CCND1), is more frequently found in HBV-

associated HCC and has the worst prognosis. Chromosomal instability and global DNA 

hypomethylation represent additional hallmarks of this class. In its turn, it is subdivided 

into two subclasses105,106: the Proliferation-progenitor cell subclass or S2 (~25-30% of 

HCCs), including tumors with activated classic cell proliferation pathways (e.g. RAS-

MAPK, PI3K-AKT-mTOR, MET and IGF signaling) together with progenitor cell markers 

(e.g. EPCAM and AFP); and the Proliferation-Wnt-TGFb subclass or S1 (~20% of HCCs), 

which displays a non-canonical activation of the Wnt pathway.  

 

• The HCC non-proliferation class or S3 accounts for 50% of patients and is more prevalent 

in alcohol and HCV-associated HCCs. It is characterized by less aggressive tumors, 

reduced vascular invasion, well-to-moderate histological differentiation and low AFP 

levels111, as well as chromosomal stability and frequent TERT promoter mutations. At 

least two subgroups have been found within this class: the Wnt-b-catenin CTNNB1 

subclass, which presents frequent CTNNB1 mutations and activation of the Wnt-b-
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catenin pathway driving an immune excluded phenotype with low immune 

infiltration112; and the Interferon subclass, with a highly activated IL6-JAK-STAT signaling 

pathway, with a more inflamed tumor microenvironment106. 

 

 

Figure 8 | HCC Molecular classification. Hepatocellular carcinoma can be subdivided into two major 
molecular classes based on their transcriptome, which are also associated with genomic, 
histopathological and clinical characteristics. FLC, fibrolamellar carcinoma; IHC, 
immunohistochemistry; FLC, TCGA, The Cancer Genome Atlas; AFP, a-fetoprotein; HBV, hepatitis B 
virus; HCV, hepatitis C virus; NASH, non-alcoholic steatohepatitis; miRNA, microRNA. Obtained from 
Llovet et al., Nat Rev Dis Prim 20212.  
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2.3. Tumor microenvironment in HCC 

2.3.1. Overview of immune cell infiltrate types 

An altered microenvironment is a key enabling characteristic of cancer and is known to 

participate in all stages of malignant progression2. In HCC, the main cell types in the tumor 

immune infiltrate found to impact patient outcomes include: 

• CD8+ cytotoxic T cells (CTLs): their association with better overall survival has been 

widely demonstrated in several cancer types, including HCC113. However, the search for 

additional markers to distinguish between CTL functional states has revealed some 

associations with treatment resistance. In human NASH, a subset of auto aggressive 

CD8+PD1+ T cells induce hepatocyte cell death, promote NASH pathogenesis and impair 

immune surveillance, thereby favoring HCC occurrence and progression114. In addition, 

the presence of terminally exhausted CD39hi TOXhi PD-1hi CD8 T cells is linked to 

resistance to neoadjuvant PD1 blockade115. 

• CD4+ helper T cells: the TH1 subtype and its related cytokines (e.g., IFN-g) are linked to 

good clinical outcomes in HCC, while HCCs with aggressive features (vascular invasion 

and metastasis) upregulate TH2-related cytokines (e.g., IL-4 and IL-10) 113,116.  

• Regulatory T cells (Treg): high tumor Treg infiltrate has been proposed as an 

independent prognostic factor for poor overall survival in HCC116,  and a high Treg to 

effector T cell ratio is associated with reduced clinical benefit of atezolizumab plus 

bevacizumab117. 

• B cells: despite being abundant in the TME and key players in the humoral adaptive 

immunity, there is no clear prognostic value for B cells. 

• Tumor-associated macrophages (TAMs): In HCC, TAMs arise from tissue-resident 

macrophages (Kupffer cells) or monocyte-derived macrophages that infiltrate the 

tumor118. TAM abundance has been linked to poor prognosis in HCC119; particularly, 

greater proportions of pro-tumor M2 macrophages (Table 1) have been linked to worse 

clinical outcomes in HCC113,116,119.   

• Dendritic cells (DCs): subsets of DCs with distinct functions and morphology have been 

identified, including anti-tumoral type 1 DCs, and regulatory type 2 DCs. 
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• Myeloid-derived suppressor cells (MDSCs): this heterogeneous population of immature 

and immunosuppressive myeloid cells has been found in increased numbers in tumor 

tissue and peripheral blood from patients with HCC, and elevated counts correlate with 

tumor progression120,121.  

• Tumor-associated neutrophils (TANs): in HCC, multiple studies indicate that 

neutrophils, if present, are predominantly located in the peritumoral stroma rather than 

being intratumoral, although both intra- and peritumor TANs have been associated with 

poorer overall survival (OS)71,76,80,86,122. Single-cell RNA-seq characterization of TANs 

showed that CCL4+ TANs can recruit TAMs and PD-L1+ TANs can suppress T cell 

cytotoxicity.  

 

2.3.2. Known mechanisms of immune evasion in HCC 

Aside from the recruitment of suppressive immune populations and the known mechanisms 

of evasion in cancer seen above, specific signaling pathways linked to immune evasion are 

especially relevant in HCC. First, approximately 29% of HCCs display an activating mutation in 

the CTNNB1 gene (Table 2), and the activation of the Wnt/b-catenin signaling pathway is a 

feature associated with the lack of immune infiltration107,109.  Of note, in HCC the activation 

of b-catenin signaling downregulates the chemokines CCL4 and CCL5, which induce the 

infiltration of dendritic cells and T cells112. 

In parallel, Wnt/TGF-b signaling in HCC is linked to activation of the stroma and stromal 

deposition through fibroblast activity, T cell exhaustion with impaired cytotoxic activity and 

immunosuppressive components like M2 macrophages, upregulation of myeloid 

chemoattractants and downregulation of NK cell activators108,109.  

Furthermore, VEGF expression from HCC tumor cells has a pro-angiogenic effect and 

generates a pro-tumorigenic microenvironment favoring the recruitment of Tregs, MDSCs 

and TAMs and reducing the infiltration of CTLs and the function of DCs123,124 (Figure 9). 

Therefore, inhibiting the VEGF/VEGFR pathway could help to enhance anti-tumor immunity 

in HCC2,106,123.  
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Figure 9 | VEGF pathway activation has direct effects on tumor-infiltrating immune cells. VEGF from 
tumor and immune cells promotes immunosuppressive functions of innate and adaptive immune 
cells. Modified from Fukumura et al. Nat Rev Clin Oncol 2018123. 

 

2.3.3. Immune classification and role of NASH etiology in HCC immune profiles 

From the immunological standpoint, HCC can be classified into the Inflamed class and the 

non-Inflamed class 109. The Inflamed class (~30-35% of HCCs, Figure 10) includes the Immune 

class (~25% of HCCs), which displays a high level of immune infiltration, PD1-PD-L1 signaling 

and enrichment in signatures of response to ICIs in other tumor types108 (Figure 10). In turn, 

the Immune class can be subdivided into the Immune Active subclass, with elevated 

interferon signaling, expression of adaptive immune response genes and a favorable 

prognosis, and the Immune Exhausted subclass, with an activated stroma and high TGF-b 

signaling108. In addition, the Inflamed class also includes the Immune-like subclass, a subset 

of HCCs with unique features of strong interferon signaling and immune activation along with 

CTNNB1 mutations109. Notably, Inflamed tumors were described to be enriched in HCC 

patients responding to anti-PD1/PD-L1 therapies125 (Figure 10). 
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Regarding the ~65% of HCCs comprising the Non-inflamed class, two subclasses have been 

identified depending on the immune escape mechanism: an Intermediate class with TP53 

mutations, high chromosomal instability and deletions in interferon and antigen presentation 

machinery genes; and an Excluded class with CTNNB1 mutations and immune 

desertification109. 

 
Figure 10 | HCC immune classification. Hepatocellular carcinoma can be classified based on immune-
related features in the Inflamed class and the Non-inflamed class, with several subclasses based on 
specific immune activation or evasion mechanisms.  TCR, T-cell receptor; TIL, tumor-infiltrating 
lymphocyte; TLS, tertiary lymphoid structure; Treg, regulatory T cell. Adapted from Llovet et al. Nat 
Rev Clin Oncol 20212.   
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Recent evidence from NASH-HCC studies revealed several particularities in the molecular and 

immune profiles of tumors from this etiology. NASH-related HCCs are enriched in 

inflammation-related signatures, Wnt-TGFb signaling and immunosuppression features126. In 

fact, in the setting of human NASH, auto-aggressive CD8+PD1+CXCR6+ T cells present in the 

liver induce hepatocyte cell death, enhance NASH pathogenesis and impair immune 

surveillance favoring HCC occurrence and progression with an immunotherapy-resistant 

tumor profile9. In fact, a meta-analysis with >1600 advanced HCC patients revealed that 

immunotherapy did not improve survival in patients with non-viral HCC 9.  

 

2.4. Clinical management of HCC 

2.4.1. Diagnosis, staging and management 

Given that the subclinical course of HCC is prolonged, several surveillance protocols have 

been developed for early diagnosis among high-risk patients; these are based on liver nodule 

detection through abdominal ultrasound and its confirmation with non-invasive radiological 

approaches or liver biopsy2. Despite surveillance efforts, ~50% of cases globally are diagnosed 

at advanced stages, especially in developing countries. Since HCC develops in most cases (~80-

90%) among cirrhotic patients, their overall health status is often limiting the therapeutic 

options. Currently, the most widely recognized clinical algorithm for the management of HCC 

is the Barcelona Clinic Liver Cancer (BCLC) staging system, which classifies patients into 5 

stages based on disease extension, liver function and performance status, and links them to 

specific treatment recommendations (Figure 11)2,90. In summary, patients with a very early 

HCC (BCLC 0) are candidates for local curative treatments, including resection and ablation, 

and have low recurrence rates; those with early HCC (BCLC A) are candidates for the curative 

approaches of resection, ablation and transplantation, depending on  liver-related variables, 

have high recurrence rates (~70% at 5 years) and a median survival beyond 60 months; 

Intermediate HCC cases (BCLC B) are amenable to transarterial chemoembolization, 

achieving survival rates of 26-30months; advanced HCC patients (BCLC C) are eligible for 

systemic therapies, including tyrosine kinase inhibitors (TKIs) and immune checkpoint 

inhibitors (ICIs), achieving survival rates of ~19 months; finally, terminal HCC patients (BCLC 

D) are given best supportive care. 
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Figure 11 | The Barcelona Clinic Liver Cancer (BCLC) staging system. Clinical management algorithm 
using the BCLC classification, which is based on disease extension, liver function and performance 
status. AFP, α-fetoprotein; DDLT, deceased-donor liver transplantation; ECOG, Eastern Cooperative 
Oncology Group; HCC, hepatocellular carcinoma; LDLT, living-donor liver transplantation; M1, distant 
metastasis; N1, lymph node metastasis; OS, overall survival; RCT, randomized controlled trial; TACE, 
transarterial chemoembolization. aPatients with end-stage liver disease Child-Pugh class C should first 
be considered for liver transplantation. bPatients with preserved hepatic function Child-Pugh class A 
with normal bilirubin and no portal hypertension are optimal candidates for hepatic resection. 
cSorafenib and lenvatinib are also considered first-line treatment in case of contraindication for 
atezolizumab + bevacizumab. Obtained from Llovet et al. Nat Rev Clin Oncol 20212. 

 

2.4.2. Systemic therapies and biomarkers of response in HCC 

It is estimated that ~50-60% of HCC patients will ultimately be exposed to systemic therapies 

during their lifespan127. Of the patients receiving systemic therapies, ~50-70% are progressing 

from surgery or locoregional therapies, while ~30-50% are treatment naïve128.  

The landscape of systemic therapies in HCC is based on two kinds of agents: receptor tyrosine 

kinase inhibitors (TKIs) and immune-checkpoint inhibitors (ICIs)(Figure 12). The first systemic 

therapy to be approved in HCC as a first-line drug for advanced cases was the TKI sorafenib 

in 2008, after the breakthrough SHARP trial demonstrating an overall survival (OS) benefit 

compared to placebo (median of 10.7 versus 7.9 months) 129. Ten years later, the TKI 

lenvatinib, with a higher potency blocking VEGF receptors and the FGFR family, demonstrated 

non-inferiority compared to sorafenib (median OS of 13.6 versus 12.3 months)130.  
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In the second line setting, the TKIs regorafenib, cabozantinib and ramucirumab have been 

approved for the treatment of HCC patients progressing to sorafenib131–133: regorafenib, a TKI 

targeting VEGFR1-3, was the first agent approved for patients progressing on sorafenib 131; 

cabozantinib, a TKI that targets VEGFR2, MET and AXL, demonstrated improvements in 

median OS and progression-free survival 131–133; in turn, ramucirumab, an anti-VEGF 

monoclonal antibody, is the only biomarker-guided therapy for HCC, which is indicated for 

patients with baseline alpha-fetoprotein levels above 400 ng/dl133. 

In the recent years, immunotherapies with ICIs have emerged as promising treatment options 

for multiple solid tumors like HCC. ICIs are monoclonal antibodies directed against negative 

regulators of the T cell immune function (e.g. PD1, PDL1, CTLA4), expressed by tumor or 

immune cells, aiming to stimulate an adaptive antitumor immune response. In HCC, the 

combination of the ICI atezolizumab (anti-PDL1) plus bevacizumab (anti-VEGF) has become 

the standard of care in first line after demonstrating superiority versus sorafenib (median OS 

19.2 vs. 13.4 months with a 30% ORR)3. However, its primary resistance rate of ~70% and <2-

year progression-free survival3 leave room for improvement with new strategies. Recently, 

the combination of tremelimumab (anti-CTLA-4) plus durvalumab (anti-PD-L1) has 

demonstrated superiority over sorafenib for OS (median OS 16.4 vs. 13.8 months with a 20% 

ORR) 134, but it is not yet approved. In addition, promising phase Ib/II studies, the ICI 

pembrolizumab (anti-PD1) and the combination of nivolumab (anti-PD1) plus ipilimumab 

(anti-CTLA4) led to FDA accelerated approval in the second line setting (the latter extending 

median duration of response to 21.7 months)135,136. Finally, cabozantinib plus atezolizumab 

has shown superiority over sorafenib in terms of PFS137. 

Except elevated serum AFP levels predicting response to ramucirumab, approved systemic 

agents in HCC are missing associated predictive biomarkers2,91. The reasons behind this are 

multiple. Firstly, it is estimated that ~25% of HCC tumors present actionable mutations, but 

their low prevalence (<10% in most cases) is a major drawback in the design of proof-of-

concept studies95,127. In addition, the most common mutations in HCC are not targetable with 

existing drugs (TERT, TP53, CTNNB1). Secondly, HCC is clinically diagnosed with non-invasive 

imaging according to the guidelines2,90,91, limiting access to tissue specimens for biomarker 

discovery in randomized controlled trials (RCTs). Thirdly, an elevated intratumor 

heterogeneity in up to 25% of patients is also an obstacle to find robust biomarkers138,139. 
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Figure 12 | Treatment strategy for HCC with systemic therapies. Green, regulatory-body-approved 
regimes based on phase III studies. Orange, positive combinations versus sorafenib, but drugs are not 
yet approved. Yellow, treatments that received FDA accelerated approval based on phase II studies. 
*Around 70–80% of patients are expected to receive this regime. PD, progressive disease. Obtained 
from Llovet et al. Nature Cancer 202291. 

 

A limited number of RCTs have been designed to enrich for biomarker-based populations, and 

none has been based on molecular or immune HCC classes91. Currently, like in many other 

solid tumor types, multiple candidate biomarkers of response to immunotherapeutic agents 

and combinations are under investigation in HCC. Data from non-randomized studies of 

nivolumab and pembrolizumab monotherapies suggested that protein PD-L1 expression 

could be associated with response, although methodological heterogeneity and small sample 

sizes limit interpretation2,136,140. Additional candidates are tumor lymphocytic infiltration141, 

gene expression signatures reflecting inflamed phenotypes109, signatures capturing anti-

tumor immunity pathways enriched in responders (e.g. interferon and antigen presentation 

for ICI monotherapy125,142 or T effector cells in atezolizumab plus bevacizumab117) and 

CTNNB1 mutational status107,112. In addition, recent data have revealed that non-viral HCCs, 

including nonalcoholic steatohepatitis (NASH)-related HCCs, are less responsive to 

immunotherapy due to the intratumor accumulation of a population of dysfunctional 

activated CD8+PD1+T cells114.  
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2.4.3. Overview of drug immunomodulation in HCC 

Immunotherapeutic strategies have an improved efficacy among tumors with an 

inflammatory microenvironment –the so-called hot tumors– and efficacy is reduced in tumors 

with decreased immune infiltration –cold tumors–6. In HCC, pembrolizumab and nivolumab 

monotherapies show long-lasting responses (beyond 16 months) but only in a subset of 15%-

20% of patients and this failed to significantly extend overall survival (OS) in phase III 

trials136,140,143,144. Efforts are being made to broaden the spectrum of responders to ICIs by 

promoting vascular normalization and the infiltration or re-activation of specific immune cell 

types through combination strategies with anti-angiogenic agents, given that pro-angiogenic 

molecules such as VEGF, angiopoietins or PDGF have immunosuppressive roles that 

undermine the anti-tumor immunity elicited by ICIs7,123,145 (Figure 13). The 

immunomodulation induced by combinations relies upon enhancing both dendritic cell (DCs) 

and cytotoxic T lymphocyte activity and inhibiting tumor-associated macrophages (TAMs), 

regulatory T (Treg) cells and myeloid-derived suppressor cells (MDSCs)2. Clear evidence of the 

success of this therapeutic strategy in HCC is the breakthrough IMbrave150 trial positioning 

atezolizumab (anti-PD-L1) plus bevacizumab (anti-VEGF) as standard of care in frontline2,3. 

 

Figure 13 | Potential effects of the combinations of ICIs and TKIs. Role of TKIs in the switch from a 
non-inflamed tumor (cold tumor) towards an inflamed tumor (hot tumor). Adapted from Llovet et al. 
Nat Rev Clin Oncol 20212. 

 

Although the candidate anti-angiogenic combinatorial agents are expected to expand 

antitumor effects and reactivate an inflammatory response, molecular evidence from 

preclinical studies suggest that they may have specific immunomodulatory mechanisms, most 
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likely due to differences in target molecules and/or affinities117,146,147. On one hand, 

atezolizumab-bevacizumab causes an increase in total intratumor CD8+ T cells and in their 

proliferating and GZMB-expressing antigen-specific subpopulations, as well as in conventional 

dendritic cells, while also reducing T regulatory cell proliferation (a feature that was also 

found in post-treatment human biopsies)117. On the other hand, regorafenib-anti-PD1 

combination enhances cytotoxic lymphocyte recruitment and activation due to vessel 

normalization causing a better regorafenib delivery, which in turn promotes Stat1 signaling 

and tumor CXCL10 production, that further recruits more cytotoxic T cells into the tumor146. 

Conversely, lenvatinib-anti-PD1 combination increases T cells and dendritic cells in the tumor 

coupled with a lenvatinib-induced reduction of T regulatory cell infiltration and TGFb 

immunosuppressive signaling147.  

Considering the above, the potential of the TKI cabozantinib as a combinatorial agent with 

anti-PD1 was not thoroughly explored in HCC. Cabozantinib targets VEGFRs, MET, AXL, RET, 

KIT, TIE2 and FLT3, relevant players in angiogenesis, proliferation and epidermal-to-

mesenchymal transition148,149. Also, in addition to its anti-angiogenic and anti-proliferative 

activity149, immune-modulatory effects have been reported in experimental prostate cancer 

models150. The immunomodulatory role of cabozantinib in HCC has been addressed in this 

thesis. 

Aside from targeting pro-angiogenic pathways, immune modulation can also be achieved by 

immune-oncology combinations where complementary checkpoint molecules or immune-

related pathways are targeted simultaneously. For example, co-targeting CTLA4 synergizes 

with anti-PD1/anti-PD-L1 activity through regulation of T-cell activation in lymph nodes and 

tissues: CTLA4 inhibition results in expansion of a population of ICOS+ effector helper T-cells 

while engaging subsets of exhausted-like CD8+ T cells151. 

Finally, exploring the modulation of additional immune cell populations could also be of 

interest in a combination setting. Considering the growing evidence for both pro- and anti-

tumor neutrophil functions in multiple cancer types10,  the present thesis also discusses 

modulation of neutrophil biology with a CXCR2 small molecule inhibitor to enhance anti-PD1 

efficacy, particularly in the setting of anti-PD1-resistant NASH-HCC. 
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Rationale 

Primary liver cancer is the sixth most diagnosed cancer and the second leading cause of 

cancer-related death worldwide1. Around 90% of cases correspond to hepatocellular 

carcinoma (HCC), which normally arises in the setting of a chronic liver disease2. Of all HCC 

patients, 50-60% will be ultimately exposed to systemic therapies, where the combination of 

atezolizumab and bevacizumab has become the standard of care in first line. However, only 

around 30% of patients respond to this therapy3. Therefore, there is a need for biomarkers 

of response/resistance and more knowledge on the mechanisms behind antitumor 

immunity. In line with this, aneuploidy – the presence of copy-number alterations (CNAs) in 

chromosome segments due to chromosomal instability- has been linked to immune evasion 

in some cancer types4,5. In HCC, the biological implications of aneuploidy profiles have not 

been thoroughly described (Study 1). 

The elevated rates of primary resistance to atezolizumab-bevacizumab (70%) highlight the 

need to develop novel therapeutic strategies2. Given that immunotherapeutic agents show 

better results among tumors with an inflammatory microenvironment6 and that 

proangiogenic molecules are immunosuppressive, the antitumor activity of immunotherapy 

could be enhanced by promoting the infiltration or reactivation of immune cells in 

combinatorial strategies with antiangiogenic agents7. In this context, the tyrosine kinase 

inhibitor (TKI) cabozantinib is a promising candidate for combination with ICIs (Study 2). 

In Western countries, an increasing prevalence of obesity and metabolic syndrome is leading 

to a higher fraction of HCCs attributed to non-alcoholic steatohepatitis (NASH)2,8. Recently, 

NASH-HCC has been reported as less responsive to immunotherapy due to an expansion of a 

subset of exhausted infiltrating CD8+ T cells9. Considering the growing evidence for pro- and 

anti-tumor functions of neutrophils in cancer and HCC10, neutrophil phenotype modulation 

could be a mechanism to overcome NASH-HCC immunotherapy resistance (Study 3). 

Hypothesis 

The identification of molecular features/structural genomic alterations linked to antitumor 

immunity in HCC and the assessment of novel combinatorial strategies with immunotherapies 

will reveal candidate biomarkers of response or resistance to immunotherapeutic agents and 

more effective therapeutic options to enhance the antitumor immune response. 
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Aims 

The specific objectives of the doctoral thesis are: 

 

1. To determine the biological and clinical impact of chromosomal instability in 

hepatocellular carcinoma and to reveal its association with antitumor immunity. 

 

2. To evaluate the impact of molecular therapies combined with ICIs in preclinical models of 

HCC. Specifically: 

 
2.1. To explore the antitumoral and immunomodulatory effects of cabozantinib alone 

and in combination with anti-PD1. 

2.2. To evaluate the capacity of a CXCR2 inhibitor to re-sensitize NASH-HCC to anti-PD1 

therapy. 
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Study 1: Copy number alteration burden differentially impacts immune profiles and 

molecular features of hepatocellular carcinoma 

Laia Bassaganyas*, Roser Pinyol*, Roger Esteban-Fabró*, Laura Torrens, Sara Torrecilla, 

Catherine E Willoughby, Sebastià Franch-Expósito, Maria Vila-Casadesús, Itziar Salaverria, 

Robert Montal, Vincenzo Mazzaferro, Jordi Camps, Daniela Sia, Josep M Llovet. 

*Shared first authorship. 

Clinical Cancer Research. 2020 Sep; 26(23): 6350-6361. (IF: 13.801, Q1) 

 

Summary 

It is estimated that 50-60% of HCC patients undergo systemic therapies in their lifespan, most 

of which are in advanced disease stages (40% of the diagnosed cases)2,127. In advanced HCC, 

only around 30% of patients respond to the current standard of care, atezolizumab (anti-PDL1 

antibody) plus bevacizumab (anti-VEGF antibody)3; therefore, there is a need for biomarkers 

of response/resistance and more knowledge on the mechanisms behind antitumor 

immunity. In line with this, aneuploidy – the presence of copy-number alterations (CNAs) in 

chromosome segments due to chromosomal instability- has been linked to immune evasion 

in some cancer types 4,5. Specifically, the accumulation of broad CNAs (spanning ³50% of a 

chromosome arm) has been correlated with decreased leukocyte infiltration and response to 

immunotherapy in non-small cell lung cancer and melanoma 4,5. Conversely, focal CNAs (<50% 

of a chromosome arm) have been more strongly associated with proliferation and worse 

prognosis 4,5. However, the direction and intensity of these associations may not be common 

in all cancer types152–154. In HCC, the biological implications of aneuploidy profiles based on 

broad and focal CNA landscapes have not been thoroughly described.  

Given the above, we aimed at determining the biological and clinical impact of aneuploidy 

assessed through the burdens of broad and focal CNAs to reveal its association with 

antitumor immunity in HCC. Namely, we aimed (1) to define and characterize aneuploidy 

profiles in HCC through scores capturing broad and focal CNA landscapes; (2) to evaluate the 

association of aneuploidy profiles with molecular and clinical characteristics; and (3) to 

characterize immune profiles linked to broad or focal CNA loads.  
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For this study we analyzed SNP array data from 452 paired tumor/adjacent resected HCCs and 

25 dysplastic nodules. We used the CNApp web tool11 to quantify the CNA burdens of each 

sample and generate broad and focal scores (BS and FS), which were then correlated with 

transcriptomic, mutational and methylation profiles, tumor immune composition, and 

clinicopathologic data.  

Our findings were the following: 

1. We used the TCGA pan-cancer data (10,635 patients) to rank HCC based on CNApp-

derived BS and FS, which quantify genomic burdens of broad and focal CNAs, 

respectively. We observed that BS and FS distributions in HCC were intermediate among 

all cancer types. In addition, HCC was one of the 14 tumor types where BS negatively 

correlated with transcriptomic estimates of immune infiltration, while FS did not. 

 

2. HCCs with a low burden of broad CNAs (low BS) were more diploid and were enriched in 

the HCC immune class, specifically the active subclass. Low BS samples displayed high 

inflammatory and antitumor immunity signaling, higher immune infiltrate and cytolytic 

activity estimates, and were transcriptionally similar to tumors responding to anti-PD1. 

 

3. HCCs with high burden of broad CNAs (high BS) were more polyploid, had an enrichment 

in transcriptomic features of DNA repair and proliferation and low immune infiltration.  

 

4. High levels of focal CNAs (high FS) were linked to classical proliferative features, TP53 

mutation, poor survival signatures and features of aggressive tumors like poor cell 

differentiation and vascular invasion. FS did not correlate with immune features.  

 

5. Dysplastic nodules and very early HCCs with broad CNAs were also linked to reduced 

features of active antitumor immunity, suggesting that the impact of broad CNAs on 

immunity may be seen even at early stages of hepatocarcinogenesis. 
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6. We observed several potential mechanisms that could explain the differential immune 

profiles based on broad CNA levels: 

a. Low BS HCCs had a significantly higher ratio of observed/expected neoantigens, 

rendering more neoantigens than expected by their lower mutation burdens. TP53 

mutation was linked to higher mutations and neoantigen burdens in those samples.  

b. Specific losses of antigen presentation machinery genes (such as HLA-DQB1) were 

enriched in high BS tumors. 

c. High BS HCCs have a widespread hypomethylation, which may indicate an 

epigenetic influence on HCC immune profiles12. 

d. The accumulation of broad CNA losses had a stronger association with reduced 

immune infiltration estimates as compared to broad CNA gains, like previous 

observations in melanoma13. 

In conclusion, our study revealed differential associations between broad and focal genomic 

CNA burdens and several HCC molecular features. HCCs with high burdens of broad CNAs 

exhibit immune exclusion features, while low broad CNA burdens are linked to immune active 

profiles. These data constitute evidence in favor of chromosomal instability as a cancer 

hallmark impacting tumor immunogenicity, which may influence patient response to 

immunotherapies. 
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Study 2: Cabozantinib enhances anti-PD1 activity and elicits a neutrophil-based immune 

response in hepatocellular carcinoma 

Roger Esteban-Fabró*, Catherine E Willoughby*, Marta Piqué-Gili, Carla Montironi, Jordi 

Abril-Fornaguera, Judit Peix, Laura Torrens, Agavni Mesropian, Ugne Balaseviciute, Francesc 

Miró-Mur, Vincenzo Mazzaferro, Roser Pinyol, Josep M Llovet. 

*Shared first authorship. 

Clinical Cancer Research, 2022 Jun;28(11):2449-2460. (IF: 13.801, Q1) 

 

Summary 

The treatment landscape for advanced HCC has changed dramatically after the positive 

results of the phase III IMbrave150 trial, which positioned atezolizumab plus bevacizumab, 

the first combination therapy and first treatment regimen involving an immunotherapy, as 

the standard of care in first line3. Despite extending median overall survival to 19.2 months, 

primary resistance rates are high at around 70%; this highlights the need to develop more 

efficacious therapeutic strategies and predictive biomarkers2. Given that immunotherapeutic 

agents show better results among tumors with an inflammatory microenvironment6 and that 

proangiogenic molecules are immunosuppressive, the antitumor activity of immunotherapy 

could be enhanced by promoting the infiltration or reactivation of immune cells in 

combinatorial strategies with antiangiogenic agents7. In this context, the tyrosine kinase 

inhibitor (TKI) cabozantinib is a promising candidate for combinatory strategies: in addition 

to its anti-angiogenic and anti-proliferative activity149, immune-modulatory effects have been 

reported in experimental prostate cancer models150.  

In light of the above, we aimed to explore the antitumoral and immunomodulatory effects 

of cabozantinib alone and in combination with anti-PD1.  Specifically, we aimed (1) to 

evaluate the efficacy of cabozantinib alone and combined with anti-PD1 in a syngeneic murine 

HCC model; (2) to investigate the mechanism of action and immunomodulatory effects of 

cabozantinib and the combination; and (3) to identify combination-like molecular profiles in 

human HCC. 
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This study was performed using two syngeneic murine HCC models based on C57BL/6J mice 

bearing subcutaneous Hepa1-6 or Hep53.4 tumors (n=80 and 40, respectively). Animals were 

randomized to receive cabozantinib, anti-PD1, their combination or placebo. Tumor samples 

were used for flow cytometry, IHC and transcriptome analysis, while blood samples were used 

for flow cytometry and cytokine profiling. Cabozantinib-related effects were validated in 

transcriptomic data from a colorectal cancer patient-derived xenograft model. Finally, 

transcriptomic data from three human HCC cohorts (cohort1: n=167, cohort 2: n=57, The 

Cancer Genome Atlas: n=319) were used to cluster patients according to combination-like 

expression features and to assess their impact on overall survival. 

Our findings were the following: 

1. Combination treatment induced a significantly shorter time to objective response 

versus the rest of treatment arms. It also induced the greatest anti-tumor growth effect 

and the greatest objective response rate (ORR). In addition, both cabozantinib and 

combination treatments induced a significant reduction in viable tumor volume and 

increased tumor necrosis. 

 

2. The antiangiogenic effects in cabozantinib and combination arms were confirmed by 

reduced CD31 staining, absence of vessels encapsulating tumor clusters, reduced 

enrichment in transcriptomic signatures of angiogenesis and more enrichment in 

hypoxia-related signatures. Combination was also associated with the greatest reduction 

in gene expression signatures of proliferation and DNA repair.  

 
3. Immune population assessment of infiltrating immune cells (with flow cytometry, 

immunohistochemistry and transcriptomic analysis) revealed that cabozantinib and 

combination induced a significant recruitment of intratumor neutrophils. In addition, 

neutrophil antitumor activity was the biological process most significantly associated 

with the 100 genes uniquely upregulated by the combination.  

 
4. Further immune characterization revealed that all anti-PD1 and combination-treated 

samples recapitulated the immune class of HCC. Combination was significantly 

associated with upregulation of transcriptomic pathways of inflammation, innate and 

adaptive immunity and with downregulation of TGFβ and β-catenin pathways. 
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Cabozantinib and combination induced a reduction in CD8+ PD1+ lymphocytes and 

intratumoral T regulatory cells. 

 
5. At the systemic level, cabozantinib and combination increased the proportions of 

circulating T and CD8+ T cells and reduced the neutrophil-to-lymphocyte ratio in blood. 

Combination specifically increased the proportions of circulating memory/effector T and 

CD8+ T cells, and the levels of the chemoattractants CCL27 and IL-16.  

 
6. We defined three human HCC clusters (Neutrophil Enriched, Neutrophil Depleted and 

Tumor-only Neutrophil Depleted) based on enrichment in a signature reflecting the 

neutrophil activation in combination-treated mice. The Neutrophil Enriched cluster (25% 

of patients), with high active neutrophil enrichment in tumor and adjacent tissue, 

presented a lack of immune exclusion, reduced stem cell and proliferation features, and 

was linked to longer survival. 

Overall, our data suggests that the combination of cabozantinib with anti-PD1 enhances anti-

tumor immunity by bringing together innate neutrophil-driven and adaptive immune 

responses, a mechanism of action which could broaden the spectrum of responders in HCC. 

Human HCC tumors enriched in combination-like neutrophil features display a favorable 

molecular and clinical profile, suggesting the benefit of this combination for HCC treatment. 
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Study 3: CXCR2 inhibition enables NASH-HCC immunotherapy 

Jack Leslie, John B G Mackey, Thomas Jamieson, Erik Ramon-Gil, Thomas M Drake, Frédéric 

Fercoq, William Clark, Kathryn Gilroy, Ann Hedley, Colin Nixon, Saimir Luli, Maja Laszczewska, 

Roser Pinyol, Roger Esteban-Fabró, Catherine E Willoughby, Philipp K Haber, Carmen Andreu-

Oller, Mohammad Rahbari, Chaofan Fan, Dominik Pfister, Shreya Raman, Niall Wilson, 

Miryam Müller, Amy Collins, Daniel Geh, Andrew Fuller, David McDonald, Gillian Hulme, 

Andrew Filby, Xabier Cortes-Lavaud, Noha-Ehssan Mohamed, Catriona A Ford, Ximena L Raffo 

Iraolagoitia, Amanda J McFarlane, Misti V McCain, Rachel A Ridgway, Edward W Roberts, 

Simon T Barry, Gerard J Graham, Mathias Heikenwälder, Helen L Reeves, Josep M Llovet, Leo 

M Carlin, Thomas G Bird, Owen J Sansom, Derek A Mann 

Gut, 2022 Apr;71(10):2093-2106. (IF: 31.84, Q1) 

 

Summary 

Hepatocellular carcinoma develops on a background of liver damage from persistent viral 

infection (HBV and HCV) or non-virological damage; in the Western countries, an increasing 

prevalence of obesity and metabolic syndrome is leading to a higher proportion of HCCs being 

attributed to non-alcoholic steatohepatitis (NASH)2,8. Of note, only a minority of advanced 

HCC patients (30%)3 respond to immunotherapy, and it has been recently reported that 

NASH-HCC is less responsive to immunotherapy due to an expansion of a subset of exhausted 

infiltrating CD8+ T cells9. Considering the growing evidence for pro- and anti-tumor functions 

of neutrophils in cancer and HCC10, we investigated whether modulating neutrophil 

phenotype targeting CXCR2 (a chemoreceptor for interleukin 8) could influence the resistance 

of NASH-HCC to immunotherapy.  

In light of the above, we hypothesized that targeting neutrophils with a small CXCR2 inhibitor 

could sensitize NASH to immune checkpoint inhibitor therapy. We aimed (1) to assess the 

presence of CXCR2+ neutrophils in mouse models of NASH-HCC and in patients; (2) to evaluate 

the capacity of a CXCR2 inhibitor (AZD5069) to re-sensitize NASH-HCC to anti-PD1 therapy in 

preclinical models; and (3) to determine the immunomodulatory mechanisms that 

characterize CXCR2 inhibition in combination with anti-PD1.  
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In this study, neutrophil infiltration was characterized in human HCC and in three mouse 

models of NASH-HCC: an orthotopic on Western diet model, a DEN/ALIOS model and a 

choline-deficient high-fat diet model. Animals from the first two models were administered 

anti-PD1, AZD5069, the combination or vehicle, and the molecular effects of the therapies on 

the tumor immune microenvironment were evaluated by imaging mass cytometry, RNA-seq 

and flow cytometry. Anti-CD8a was administered for CD8+ T cell depletion, iCCR mice (CCR1, 

2, 3 and 5 knockout) with DEN/ALIOS treatment was used to impair dendritic cell (DC) 

recruitment, anti-XCL1 was used to block cDC-CD8+ T cell interactions and neutrophil 

transfusions were performed in the orthotopic NASH-HCC model. 

The findings of the study were: 

1. CXCR2+ expression was detected specifically among infiltrating neutrophils in human 

NASH and within the tumor of both human and mouse models of NASH-HCC. In mouse 

models, tumor-associated neutrophils (TANs) express inflammatory and pro-tumor 

neutrophil genes.  

 

2. Using preclinical models of NASH-HCC that are resistant to anti-PD1 therapy, we 

observed that such resistance is overcome by co-treatment with the CXCR2 small 

molecule inhibitor AZD5069, which can extend survival, reduce tumor burden and 

impair tumor cell proliferation. 

 
3. The combination of anti-PD1 and CXCR2 inhibitor increased CD8+ T cell infiltration and 

induced a higher number of Granzyme B+ T cell clusters. These clusters were also 

enriched in conventional XCR1+ dendritic cells and immature proliferating neutrophils.  

 

4. The combination, which increased the number of TANs, also induced a TAN re-

programming from a pro- to an anti-tumor phenotype: combination-treated TANs were 

enriched in cell cycle, phagocytosis, antigen presentation and degranulation processes.  

 
5. The treatment based on the transfusion of immature inflammatory neutrophils in 

combination with anti-PD1 had a similar anti-tumor effect than the combination with 

the CXCR2 inhibitor. It also increased intratumor CD8 T cells and conventional dendritic 

cells. In parallel, depletion of CD8+ T cells, of cDC1s and blockade of cDC-CD8+ T cell 
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interactions impaired the anti-tumor activity of the combination. Therefore, our 

results suggest that these cells are required for the therapeutic benefit of the 

combination. 

 

In conclusion, we observed that TANs can be selectively manipulated through CXCR2 

inhibition to adopt an anti-tumor phenotype. The combination of CXCR2 antagonism with 

anti-PD1 therapy enhances the efficacy of anti-PD1 in preclinical models of NASH-HCC and is 

a promising candidate for clinical testing.  
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Hepatocellular carcinoma (HCC) is a devastating disease and a major cause of cancer-related 

death globally, with incidence numbers currently on the rise. A high proportion of cases are 

diagnosed or progressing to advanced stages, where systemic therapies are the treatment of 

choice2,91. Recently, the combination of atezolizumab and bevacizumab, which has become 

the standard-of-care in first line3, has revolutionized the landscape of systemic therapies for 

advanced HCC2. However, the primary resistance rates around 70% highlight the need for a 

deeper comprehension of the mechanisms behind antitumor immunity and for biomarkers of 

response to molecular agents; they also leave room for the investigation of novel 

combinatorial approaches. The studies presented in this doctoral thesis represent a step in 

that direction.  

 

Copy-number alterations and the molecular and immune profiles of HCC 

Genomic instability and the resulting CNAs are considered a cancer enabling characteristic16. 

Recent pan-cancer studies have linked the CNA burdens to tumor immune infiltration and 

exclusion in several cancer types4,5, although the strength and direction of these correlations 

may not be common across all cancer types, which have specific contexts155. 

In HCC, microsatellite instability-high (MSI-H) tumors, which are reported to respond to ICI in 

a cancer-agnostic manner, represent a minority of cases (<3%)156. In addition, the impact of 

CNA genomic burdens on antitumor immunity had not been comprehensively assessed. In 

our study we used data from a high-resolution whole-genome SNP array to understand the 

immune and molecular impact of genomic CNA burdens in HCC, using the scores determined 

by the CNApp tool for that purpose11. We observed, similarly to other cancers5, that broad 

CNA landscapes were linked to specific immune profiles, while focal CNA profiles did not. 

Specifically, low broad CNA tumors displayed features of an immunologically “hot” 

microenvironment with higher immune infiltration and cytolytic activity, as well as 

upregulation of proinflammatory cues. This pre-existing immune infiltrate may be harnessed 

by immunotherapy to trigger an antitumor immune response. Thus, as described in 

melanoma5, we hypothesized that low-BS tumors might represent potential responders to 

immunotherapy. Such hypothesis is further sustained by (i) the transcriptomic similarity 

between low-BS tumors and tumors responding to immunotherapy from an external cohort 
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and (ii) the upregulation of genes and pathways linked to response to immunotherapy in HCC 

found among low-BS HCCs66. Conversely, high CNA burdens, linked to immune “cold” 

microenvironments with immune exclusion and enrichment in DNA repair and proliferation 

signatures, may identify primary resistant patients where the genetic variability induced by 

aneuploidy may provide tumor cells with an advantage to avoid immunologic recognition. In 

these cases, combinatorial approaches of immunotherapies with agents that enhance 

immune infiltration might be needed to obtain a clinical benefit. Overall, in our study we 

propose a strategy to classify HCC into immune/inflamed and excluded/noninflamed tumors 

based on CNAs, regardless of the mutational load. This classification would expand on our 

previously proposed immune classification of HCC107,108, and in fact these observations have 

been subsequently confirmed in a thorough revision of HCC immune-based subclasses109.  

Specifically, we found BS ≤ 4 (low BS) to identify patients with inflamed HCC profiles, and BS 

≥ 11 (high BS) to capture HCCs lacking immune-related features. The fact that in HCC only 

broad CNAs can predict immune profiles aligns with the evidence in melanoma mentioned 

above5. The reason behind this could be that broad CNAs have large phenotypic impacts 

through the alteration of the expression of many genes63 and can increase intratumor 

heterogeneity. Given that the immune system exerts a selective pressure on tumor cells, 

increased intratumor heterogeneity could facilitate the selection of subclones with specific 

alterations in immune-related genes or with deletions in immunogenic neoantigens64,65.  

Hypothetically, this may render HCCs with high BS less responsive to immunotherapies. 

However, because no molecular data allowing to extract CNA profiles of HCC patients treated 

with immunotherapies are publicly available to date, the predictive value of the scores 

warrants further validation. 

In terms of focal copy-number events, HCCs with a high burden of focal CNAs were 

characterized by pro-proliferative and more aggressive features and exhibited 

no CTNNB1 mutations. The fact that high-FS HCCs were more proliferative is consistent with 

data from other tumor types5, and has been demonstrated experimentally in human cell lines 

with depletion of CDKN2A157. 
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The connection of broad CNAs with anti-tumor immunity 

We also analyzed the potential mechanisms by which an increase in broad CNA burdens might 

be associated with exclusion of immune infiltration (Figure 14). On one hand, the ratio of 

observed/expected neoepitopes was lower among high-BS tumors, suggesting that the 

accumulation of broad CNAs would be linked to an enhanced pruning of neoantigenic 

mutations, regardless of overall mutation burden (which was higher in the high-BS group); 

such effect may reduce functional presentation of antigens among high-BS cases, reducing 

cytolytic activity in those tumors158. Another reason would be the reduced antigenicity of 

neoantigenic mutations among high-BS tumors: in other cancer types, not only the amount 

of neoantigens has been reported as a determinant of the tumor immune status, but also the 

ability of neoantigens to induce an immune response159,160.  

In addition, we identified specific CNAs involving genes that could impact antitumor immunity 

features. For example, gene losses involved in antigen presentation (i.e.,HLA-DQB1), found 

enriched among high-BS HCCs, could explain the failure in attracting effector T cells in these 

tumors. Enrichment in arginine degradation pathways among high-BS tumors also point 

towards an evasion of immune destruction by impairment of the MHC-mediated antigen 

presentation161. Overall, our findings are in concordance with recent studies on NSCLC 

(TRACERx): tumors sparsely infiltrated exhibited decreased neoantigen editing indicative of 

copy-number losses of clonal neoantigens, and dysfunction in the neoantigen-presenting 

machinery, among the mechanisms of immune evasion161,162. 

In parallel, we observed a correlation between broad CNA burden and widespread 

hypomethylation, in line with previous evidence correlating genomic hypomethylation with 

immune escape signatures12. A higher cell division rate (found in BS-high HCCs) involves 

methylation loss of late-replicating partial methylation domains, which are enriched in 

immunomodulatory pathway genes; such effect has been proposed as a mechanism to 

counteract the contribution of high mutation burden and promote resistance to 

immunotherapy12. 
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Our findings in HCC were found to be extensible to preneoplastic lesions and very early HCCs: 

the presence of broad CNAs in those samples was linked to reduced cytotoxic activity and 

immune infiltration features. Although further confirmatory studies with larger cohorts would 

be required, these data align with the idea that CNAs may contribute to the escape from 

antitumor immune pressure throughout the hepatocarcinogenic process5,163.  

Even though our data suggest potential explanations for the link between tumor CNA burden 

and antitumor immunity, further mechanistic studies will be required to determine the 

causality. Studies in other cancer types have proposed the use of diverse in vivo and in vitro 

models to evaluate the molecular consequences of aneuploidy in cancer cells152,155,164. 

Overall, we observed differential associations between broad and focal genomic CNA burdens 

and several molecular features of HCC (Figure 14). Most importantly, our data reinforce the 

evidence supporting a differential role for broad CNAs in determining antitumor immune 

profiles in HCC and provide evidence in favor of chromosomal stability as a hallmark of tumor 

immunogenicity, and consequently, patient response to immunotherapies. 

 
Figure 14 | Differential associations found in HCC for broad and focal CNA burdens. Summary of the 
findings found in Study 1, where broad CNA burdens were correlated with lack of immune features, 
while the accumulation of focal CNAs in HCC genomes was linked to proliferative and aggressive tumor 
features.  
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Novel combination therapies to overcome primary resistance to immunotherapy in HCC 

The recent approval of atezolizumab and bevacizumab has been a pivotal milestone in the 

treatment of advanced HCC and exposed that combination therapies with ICIs are the future 

for HCC treatment, although the rates of primary resistance are high. Given the need to 

broaden the spectrum of responders in HCC by overcoming primary resistance 

mechanisms3,127, in the present thesis we described the enhanced antitumor effects of two 

novel combinatorial approaches: cabozantinib plus anti-PD1 and a CXCR2 inhibitor plus anti-

PD1. Both combinations had immunomodulatory activity converging into antitumor 

neutrophil activity. Thus, we fulfilled our aim to identify therapies triggering antitumor 

immunity mechanisms that may overcome primary resistance to the available 

immunotherapeutic strategies in HCC. 

 

The increased anti-tumor effects combining cabozantinib and anti-PD1 

We assessed the efficacy and immune modulatory effects of anti-PD1 in combination with 

cabozantinib, resulting in a greater proportion of antitumor responses in a shorter time, and 

enhanced molecular features of antitumor immunity including higher neutrophil recruitment 

and activation. To our knowledge, this is the first study reporting a dominant role of 

neutrophils, particularly of the N1 phenotype, in the immune effects associated with a TKI 

combined with anti-PD1 therapy in HCC. We also identified distinct subgroups of human HCCs 

based on neutrophil features with potential clinical relevance (Figure 15). 

 

Figure 15 | Schematic summary of the results from Study 2. Adapted from Esteban-Fabró et al. Clin 
Cancer Res 2022. 
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Previous results in prostate cancer150 and the transcriptomic data analyzed from colorectal 

cancer165 suggest that neutrophil infiltration induced by cabozantinib may be an effect seen 

in multiple tumor types. Aligned with the results in prostate cancer150, upregulation of 

neutrophil chemoattractants binding to the neutrophil receptors CXCR2 (ligands CXCL1, 

CXCL2) and CXCR4 (ligand CXCL12) could promote neutrophil infiltration and retention in the 

tumor tissue. Considering the phenotypic plasticity attributed to neutrophils10, we observed 

that the combination treatment was able to induce neutrophil activation, possibly due to a 

contributing pro-inflammatory effect of the immunotherapy. The upregulation of N1 

phenotype genes, pathways of neutrophil maturity and degranulation and upregulation of 

immunoglobulin-related genes linked to antibody-dependent cellular cytotoxicity166 are 

evidence in favor of a polarization of neutrophils towards an anti-tumor phenotype. 

Moreover, combination also decreased b-catenin signaling, which has proven to drive 

immune exclusion in HCC107,112, and attenuated TGF-b signaling, which polarizes neutrophils 

towards the pro-tumor N2 phenotype81. Overall, this demonstrates the potential of 

cabozantinib to trigger a neutrophil-mediated antitumor innate immune response, which is 

enhanced when combined with anti-PD1 therapy.  

In addition, cabozantinib reduced infiltrating CD8+PD1+ T cells, a clinically interesting effect 

given that the accumulation of a dysfunctional CD8+PD1+ T-cell subpopulation could be 

responsible for the reduced efficacy of ICIs in nonviral HCC, particularly NASH-HCC9. Further 

studies are required to confirm whether this effect could improve NASH-HCC patient 

response; evaluating this combination in preclinical NASH-HCC models and a subgroup 

analysis of the COSMIC-312 trial could contribute to answer this question (discussed below). 

In parallel to these effects, a wider range of anti-tumor immunity pathways were stimulated 

by the combination of cabozantinib and anti-PD1 (e.g. reduced Tregs, enriched Th1 and M1 

macrophage phenotypes and adaptive and innate immune pathways). The increased 

proportions of memory/effector T cells found in blood suggest that adaptive immunity was 

also activated with this treatment, a feature associated with a significant lowering of the 

neutrophil-to-lymphocyte ratio (NLR) and linked to better prognosis167.  

Finally, consistent with the inhibitory activity of cabozantinib against tyrosine kinases 

including VEGFR2149, our data indicate that at least part of the antitumor mechanism of action 
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of cabozantinib is derived from its antiangiogenic properties (reduced endothelial cells and 

VEGF signaling, and absence of vessels encapsulating tumor clusters). 

In patients with HCC, using MCPCounter168 as a transcriptomic tool to evaluate active 

neutrophil infiltration in tumor and nontumor adjacent tissue, we confirmed that neutrophil 

enrichment in the adjacent tissue or in blood is not always linked to intratumor enrichment. 

This suggests that neutrophil recruitment mechanisms may be independent in liver adjacent 

and tumor tissues, and the circulating NLR associated with poor prognosis167 may not reflect 

intratumoral neutrophil levels nor their phenotype. This finding has significance given we 

found that a high enrichment of active neutrophils in the tumor was linked to better outcomes 

in two independent cohorts, along with less proliferative and more differentiated molecular 

features, and no enrichment in inflammation profiles (HCC Immune Class108). In addition, 

intratumor neutrophil enrichment was linked to the expression of the chemokines CXCL2 (a 

CXCR2 ligand like CXCL1 and CXCL3, upregulated by cabozantinib in mice) and CXCL12 

(upregulated in our model and previously described as a cabozantinib effect in prostate 

cancer150), suggesting that relevant mechanisms of neutrophil chemoattraction in human HCC 

were recapitulated in the preclinical models. Moreover, β-catenin pathway activation107 may 

negatively influence the presence of this neutrophil phenotype in HCC as we observed it was 

linked to reduced enrichment in neutrophil signatures and expression of neutrophil 

chemokines; this may represent an additional immune exclusion effect of β-catenin activation 

that is worth further exploration. 

Taken together, these observations suggest that cabozantinib, particularly in combination 

with anti-PD1 treatment, contributes to inducing neutrophil infiltration, decreasing an 

immune suppressive environment, and enhancing antitumor activity compared with the 

monotherapies in HCC.  

Recent evidence from the phase III study COSMIC-312 assessing the combination of 

cabozantinib plus atezolizumab (anti-PD-L1) versus sorafenib in advanced HCC revealed that 

the combination significantly improved progression-free survival (median of 6.8 months vs. 

4.2 months, HR = 0.63, p=0.0012) and showed increased disease control and lower primary 

progression compared to sorafenib169. However, there was a lack of improvement in overall 

survival. These data may reflect the need to identify predictive biomarkers for this therapy 
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and to further explore antitumor immunity mechanisms triggered in the preclinical models 

that can be extrapolated to human HCC.  

In our study, we hypothesized that patients with a reduced enrichment of active neutrophil 

phenotypes in the tumor (∼30% of cases) could potentially gain the greatest benefits from 

the combination of cabozantinib with anti-PD1 (Figure 15).  However, given the phenotypic 

plasticity exhibited by neutrophils and their susceptibility to molecular cues from diseased 

livers and the tumor microenvironment10, the molecular assessment of tumor samples from 

HCC patients exposed to cabozantinib in combination with PD1/PDL1 inhibitors will be 

necessary to validate these hypotheses. 

Overall, we report that the combination of cabozantinib and anti-PD1 has the potential to 

bring together the activation of adaptive and innate immune responses against the tumor, 

and this provides a mechanistic rationale for combining these agents to render enhanced 

antitumor immunity in patients with HCC. 

 

CXCR2 inhibition and anti-PD1 enhance anti-tumor immunity in NASH-HCC 

HCC on a NASH background is characterized by a crosstalk between infiltrating immune cells 

and diverse metabolic adaptations such as insulin resistance, steatosis, oxidative stress and 

an altered mitochondrial function170. In fact, it has been reported that immunotherapy in 

NASH-HCC may be compromised due to high numbers of exhausted tumor-specific CD8+PD1+ 

T cells in the tumor microenvironment9 and tissue-damaging auto-aggressive CXCR6+ 

CD8+PD1+ T cells171. Thus, optimized immunotherapeutic strategies may be required to 

reinvigorate tumor-specific CD8+ T cells to promote antitumor immunity172.  

Here, we show that selective targeting of neutrophils with a CXCR2 antagonist promotes the 

anti-tumor effects of anti-PD1 therapy in NASH-HCC, this effect being mechanistically 

associated with activation of classic CD8+ T cells and DC-mediated anti-tumor immunity, but 

also with intratumoral reprogramming of TAN maturation and phenotype (Figure 16). These 

results therefore emphasize the potential for therapeutic manipulation of the innate immune 

system in cancer and uncover a crosstalk between the C-X-C chemokine/CXCR2 and PD1/PDL1 

signaling that can also be therapeutically exploited.  
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In NASH, neutrophil recruitment can happen due to upregulation of hepatic CXCL8 and 

CXCL1173.  Here, we showed evidence in favor of the same mechanisms in NASH-HCC. Also, 

CXCR2 expression on neutrophils is increased through an auto-stimulation mechanism 

involving lipocalin-2174. Once infiltrated in the NASH and NASH-HCC microenvironments, 

exposure to high TGF-β levels may induce neutrophil polarization towards an ‘N2’ or pro-

tumor state81.  

 
Figure 16 |The blockade of CXCR2 and PD1 in NASH-HCC can reinvigorate HCC-specific immunity. In 
NASH-HCC, the immune landscape consists of immune cells that contribute to a proinflammatory or 
to an immune suppressive milieu. Proinflammatory myeloid cells, auto aggressive CXCR6+ CD8 T cells 
and Th17 cells promote constant liver inflammation, and immune cells like mature neutrophils favor 
immune suppression near tumor cells. The combination of anti-CXCR2 and anti-PD-1 in preclinical 
models of NASH-HCC led to a higher number of immature neutrophils in the tumor, promoting 
efficient priming of tumor-specific CD8 T cells by activated XCR1+ cDC1. XCR1, X-C motif chemokine 
receptor 1; cDC, conventional dendritic cells; CXCR2, CXC chemokine receptor 2; PD-1, programmed 
cell death-1; CXCR6, CXC chemokine receptor 6; Th17 cells, T helper 17 cells. HCC, hepatocellular 
carcinoma; NASH, non-alcoholic steatohepatitis. Figure adapted from Dudek et al Gut 2022172. 

 

Of note, although the current work described these CXCR2+ cells as pro-tumor neutrophils, 

the TANs named ‘N2’ may be transcriptomically very similar to the immunosuppressive subset 

of polymorphonuclear granulocytic myeloid-derived suppressor cells (PMN-MDSCs)10. Since 

there are no markers to differentiate PMN-MDSCs and N2 TANs in mice, it is not possible to 

rule out that the TANs described in our models include PMN-MDSCs or that PMN-MDSCs are 

also reprogrammed by the combination therapy proposed here.   
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An increasing amount of data suggest that CXCR2 inhibition could be therapeutically 

beneficial in many human cancers including pancreatic, lung, ovarian, prostate, colon and 

now the liver10. Until the present study, the mechanism of action of CXCR2 inhibition 

combined with PD-1 blockade was thought to be the impairment of myeloid cell recruitment 

leading to the reprogramming of the tumor immune microenvironment175. In our study, 

paradoxically, the most remarkable immunobiological finding was that CXCR2 inhibition 

combined with anti-PD1 leads to a selective increase in the recruitment of TANs and their 

phenotype reprogramming: they become more immature, proliferative and inflammatory (or 

activated). This effect resembles the extramedullary granulopoiesis in mice following 

antibody-mediated depletion of Ly6G+ cells and that is due to survival and expansion of 

residual tissue neutrophils driven by high systemic levels of granulocyte colony-stimulating 

factor (G-CSF)176. As a proof-of-principle of the relevance of reprogrammed TANs for 

antitumor immunity, we performed adoptive transfer of immature activated neutrophils 

isolated from the bone marrow of LPS-treated mice and combined it with anti-PD1 therapy in 

NASH-HCC mice.  Consistently, the experiments recapitulated the antitumor activity and the 

remodeling of tumor immunity of AZD506/anti-PD1 therapy (cDC1 cell activation, elevated 

CD8+ T cells and induction of Gzmb-positive immune clusters), therefore corroborating this 

new mechanism of action. 

In future work it will be important to perform detailed functional characterization of the 

reprogrammed TANs by identifying specific markers and to determine precisely how and why 

this combination selectively induces neutrophil reprogramming in the tumor. Clinically, this 

selective effect on TANs while retaining mature anti-microbial neutrophils in the circulation 

may be very relevant in HCC since bacterial infections and septic shock are common clinical 

challenges in cirrhosis (the background of 90% of HCCs)177. 

In summary, a novel combination immunotherapy that enhances the efficacy of anti-PD1 in 

NASH-HCC was described. As the CXCR2 antagonist AZD5069 has been demonstrated to be 

safe for use in humans it is timely to determine if HCC patients would benefit from a similar 

therapy. 
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Activating neutrophil anti-tumor immunity in HCC 

In general, neutrophils are believed to contribute to the pathogenesis of HCC and to have a 

role in tumorigenesis, local tumor progression and metastasis via immunosuppression, 

enhancement of tumor cell survival, invasiveness, extracellular matrix remodeling and 

angiogenesis10. However, the combination therapies of anti-PD1 plus cabozantinib/CXCR2 

inhibitor that were tested in preclinical models of HCC successfully modulated neutrophil 

function: they increased the presence of neutrophils (via enhanced recruitment or local 

proliferation) and unlocked their anti-tumor potential. Together with the enhanced anti-

tumor efficacy results, the data presented here constitutes rationale in favor of targeting this 

innate immune subset to enhance antitumor immunity and render the HCC immune 

microenvironment more permissive to systemic immunotherapies. This aligns with preclinical 

evidence available from prostate cancer, where cabozantinib has shown similar neutrophil-

recruiting antitumor activity150. Although demonstrating an efficacy and immunomodulatory 

benefit, we tested therapeutic approaches with a limited specificity for pro-tumor 

neutrophils; this highlights the need for a deeper understanding of TAN phenotypes. Further 

research may lead to an improved definition of TAN subpopulations with unique markers and 

functions that enable more refined strategies to exploit the therapeutic modulation of their 

phenotypes10. 
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The main conclusions arising from the work in this thesis are the following: 

 

• Broad and focal CNA landscapes distinguish specific molecular features of HCC that can 

be captured with scores (BS and FS). Low Broad CNA burdens (Low BS) are associated 

with a pro-inflammatory state, cytolytic immune responses and a transcriptomic profile 

like immunotherapy responders. High Broad CNA loads (High BS) are linked to a lack of 

immune-related features and potential mechanisms of resistance like a negative 

neoantigen selection, impaired mechanisms of antigen presentation and altered 

methylation patterns. 

 

• Cabozantinib combined with anti-PD1 enhance anti-tumor immunity bringing together 

innate neutrophil-driven and adaptive immune responses in preclinical models of HCC. 

Combination-treated tumors benefited from the anti-angiogenic and neutrophil-

recruiting effects of cabozantinib and the inflammatory signaling promoted by anti-PD1, 

inducing the strongest antitumor immunity with neutrophil activation, enhanced pro-

inflammatory pathways, reduction of immunosuppressive features and the promotion of 

systemic adaptive immunity. 

 

• Human HCC tumors enriched in neutrophil features from mice treated with cabozantinib 

and anti-PD1- display a favorable molecular and clinical profile, suggesting the benefit 

of this combination for HCC treatment. 

 

• The novel combination immunotherapy of CXCR2 inhibition and anti-PD1 enhances the 

efficacy of anti-PD1 in preclinical models of NASH-HCC and is a promising candidate for 

clinical testing, as CXCR2+ neutrophils are found in human NASH and within NASH-HCC 

tumors. 

 

• Anti-PD1 and CXCR2 inhibitor combine to selectively reprogram tumor-associated 

neutrophils (TANs) from a pro- to an anti-tumor phenotype. Reprogrammed TANs 

proliferate locally within Granzyme B+ clusters that contain physically associating 

cytotoxic lymphocytes and antigen presenting dendritic cells, both of which are required 

for therapeutic benefit. 
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• The identification of new molecular features linked to antitumor immunity in HCC can 

broaden our understanding of the immunotherapy response and resistance 

mechanisms and provide new candidate predictive biomarkers. 

 

• The preclinical assessment of novel combinatorial agents in HCC can reveal new 

mechanisms of immunomodulation to enhance immunotherapy response with the goal 

to identify promising therapeutic strategies for patients. 
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